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I ABSTRACT 

This project investigated if Sub-Cellular Fluctuation Imaging (SCFI), previously and 

successfully used to perform rapid antimicrobial susceptibility testing in bacteria, could also 

be used to evaluate the effects of cytotoxic drugs in human derived cancer cells. SCFI is 

based on the discovery that an object inserted into an evanescent electromagnetic field 

generated by total internal reflection can be observed through its scattering pattern, and that 

sub-cellular fluctuations in prokaryotes correlate with cell viability. PC-3 (prostate), Caco-2 

(colorectal), Calu-3 (lung), and A549 (lung) cell lines were used alongside two cytotoxic drugs, 

staurosporine and paclitaxel, or DMSO control vehicle. The results presented in this 

dissertation gave significant and consistent statistical differences when comparing SCFI 

measurements of control cells and cells treated with a cytotoxic drug known to be effective. 

SCFI was also able to correctly identify cytotoxic drugs against which the specific cell line is 

known to be resistant. Furthermore, SCFI was able to provide reliable results at 3 h after 

having plated the cells, making this method more than a day faster than commonly used 

assays. Although further research is necessary before SCFI could be applied in clinical 

oncology, this pilot study was able to show that SCFI possesses all the necessary qualities to 

be considered a viable alternative to current methods of evaluating antineoplastic efficacy. 
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1 INTRODUCTION 

1.1 Cancer statistics 

For millennia, human lives were nasty, brutish, and short. Many perished to war and violence, 

and more still to all kinds of diseases. Reaching adulthood was rare, reaching old age rarer 

still, and plagues regularly decimated the early modern world. However, the advent of the 

scientific method caused a great reduction of deaths from infectious diseases; first through 

vaccines, and then with the help of antibiotics [1]. One by one, the microscopic enemies of 

mankind were defeated, and although antibiotic resistance in bacteria and new viral strains 

remain a grave threat to humanity (as demonstrated by the ongoing Covid-19 pandemic), we 

are still healthier and live longer on average than ever before [2]. 

However, one disease that remains undefeated is cancer, for while the medical advances 

of the last century have greatly reduced cancer fatality, almost 10 million people worldwide 

are estimated to die from cancer every year [3]. In the US alone, last year saw 1.8 million new 

cases and 0.6 million deaths from cancer, with a total mortality rate of 34.4% [4]. Compared 

to the previous year, there were c. 30,000 more new cases, but also a drop of mortality by 

0.7% thanks to new cancer treatments and earlier diagnosis, yet the absolute number of 

fatalities has increased for years as more people are diagnosed with cancer [4, 5]. Less recent 

data from the UK provides similar numbers, with 0.4 million new cases and a mortality rate 

of 45.3% in 2017 [6]. Although the causes of cancer are still not fully understood, it is believed 

that the aging, and growing, population of the world will cause a significant increase of new 

cases in the near future [7]. Treatments improve constantly, but often have horrific side 

effects even if successful, and the success rate of a given treatment can vary greatly between 

individuals [3]. Therefore, unless a universal cure to all cancer were to be discovered (if that 

is even possible), the best way to reduce, perhaps even eliminate, human deaths from cancer 

is likely going to be the ability to predict whether or not a given treatment will be effective 

in combating the cancer of individual patients, as the vast majority of those perishing to 

cancer receive unsuccessful treatments before their demise [3, 4, 5]. 

 

1.2 Current techniques 

The simplest way of evaluating the effectiveness of a given antineoplastic drug is to observe 

its effects on the patient; however, this has numerous drawbacks, including, but not limited 

to, the fact that by the time it is possible to see that the treatment is ineffective, it may be too 
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late to begin another treatment [8]. Cytotoxicity testing on cells in vitro of one or multiple 

drugs prior to patient in vivo application is much preferable, and current techniques are often 

based around colorimetric assays, such as dimethyl thiazolyl diphenyl tetrazolium (MTT), 

lactate dehydrogenase (LDH), and neutral red [9]. 

MTT is a tetrazole that is naturally yellow, but will change colouration to purple in 

metabolising cells, thus revealing the extent of viable cells in a sample [10]. This method is widely 

used, highly reliable, and compatible with high-throughput screening (HTS) that is frequently 

utilised by pharmaceutical companies for preclinical testing [11, 12]. However, some compounds 

(e.g. genistein) reduce cell viability while increasing purple colouration, and MTT assays can also 

be incompatible with certain drugs and drug delivery methods [13, 14]. In addition, MTT may 

take days to produce results, which is not ideal for a clinical setting [9, 12, 15]. The LDH assay, 

on the other hand, measures the presence of an enzyme that exists in most living cells, and 

which is frequently used as a tumour marker due to an increased production of the enzyme 

from the Warburg effect in cancerous cells [16, 17]. Other common colorimetric assays such 

as neutral red, alamar blue, and various protein assays work in similar ways, have similar 

shortcomings, and usually take one or more days to produce results [9, 12, 15]. 

Other alternatives to the above include assays based on fluorescein isothiocyanate 

(FITC), such as FITC-annexin-A5, which measures a protein that binds to the membrane 

lipid phosphatidylserine only in case of cellular apoptosis [18]. This method can detect early 

stages of apoptosis, and is HTS compatible, but still requires staining or labelling, and cannot 

detect non-apoptotic cellular death [18, 19]. Other assays based on fluorescent dye 

distribution and nuclear fragmentation, such as acridine orange or Hoechst staining, can also 

be used to estimate cell viability, but remain dependent on molecular labels (which may or 

may not affect cellular functions), and are frequently restricted to cell death from apoptosis 

[20, 21]. Assays based on propidium iodide, which binds to DNA and is not permeant in 

living cells, are also somewhat common, but likewise require staining [22].  There is therefore 

a need for new techniques that are rapid, versatile, and label-free, which could potentially be 

found in fluctuation-based optical microscopy. 

 

1.3 Fluctuation-based measurements of cellular viability 

It was discovered in 2004 that yeast cells exhibit characteristic nanoscale fluctuations that 

correlate with the known viability of measured cells [23]. Pelling et al. noticed that if one puts 

an atomic force microscopy (AFM) cantilever on top of a yeast cell, and measure the 
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displacement over time of the cantilever, then known cellular death resulted in a very significant 

decrease of cantilever fluctuation amplitude [23]. Further studies indicated that these nanoscale 

fluctuations were present in other cell types as well, and a team at Harvard even proposed that 

this could be used as a method to detect life forms, both terrestrial and alien [24]. However, 

this discovery has so far mainly been used for bacterial antimicrobial susceptibility testing 

(AST), given that current growth-based methods often take days to produce results [25, 26, 27, 

28], while even the earliest fluctuation-based methods evaluate antimicrobial resistance (AMR) 

in a few hours [24, 29, 30, 31, 32, 33, 34, 35, 36, 37]. 

The first technique developed for clinical fluctuation-based AST involved the attachment of 

large numbers of bacteria onto an AFM cantilever, with the variance of deflection being used to 

evaluate bacterial viability, and by extension AMR [24, 29, 30, 31]. However, this technique, while 

being able to successfully differentiate between alive and dead cells within hours, also has several 

drawbacks. First, measuring a large number of cells simultaneously may pose the risk of 

constructive and destructive interference in the movements of the cantilever, causing false 

negatives and positives respectively. Second, AFM cantilevers are more difficult to use than 

optical microscopy, and may not be very suited to operate in the kind of liquid media necessary 

to maintain cellular life; a possible solution to this particular problem might be found in the 

bimaterial cantilever, which features an imbedded microchannel containing the cells, but also has 

a higher stiffness compared to standard AFM cantilevers, which could reduce sensitivity [32]. 

Another fluctuation-based technique of AST could be found in plasmonic imaging and 

tracking (PIT), which measures the diffraction patterns of surface plasmons above a gold 

surface, which are caused by cellular movements of immobilised bacteria [33, 34]. The 

surface plasmons themselves originate in the electron oscillations at a metal-dielectric 

interface where the real part of the dielectric function changes across the interface, and since 

the plasmons interact with light, any scattering caused by the presence of surface object can 

thus be detected [38]. PIT is then based on the discovery that cellular fluctuations increase 

the size of the V-shaped diffraction pattern caused by the presence of the cell, which can be 

used to evaluate viability. This method measures the fluctuation of single cells, thus 

preventing the possibility of constructive and destructive interference, and works in less than 

one hour under ideal circumstances, but also relies upon a very expensive setup [34]. 

Other successful methods of fluctuation-based AST similarly combined rapid detection 

with potential drawbacks. Measuring the oscillations of a chip-wide electric potential caused 

by bacterial movements in a thin conductive microchannel works and is reasonably 
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inexpensive, but also faces problems of clotting if the channel is too thin, and the risk of 

constructive and destructive interference from multiple cells if the channel is too wide [35]. 

Measuring the phase noise of fluctuating bacteria using acoustic sensors is another novel 

technique with promising initial results, but this method also has difficulties in the 

measurement of single cells, and all methods mentioned so far are only able to measure the 

external fluctuations of entire cells [36, 37]. 

 

1.4 SCFI microscopy 

It has been known for decades that if a nanoscale dielectric object were to be inserted into the 

evanescent electromagnetic field generated above a surface experiencing total internal reflection 

(TIR), then the object disrupts the field so that light is scattered [39]. This scattered light can then 

be measured by a photodetector (e.g. a CMOS camera), which is the basis for total internal 

reflection microscopy (TIRM). In 2008, scientists at Bristol used a variety of TIRM, called 

scattered evanescent wave (SEW) microscopy, to detect the position and movements of 

cantilever tips significantly smaller than what could be seen using the optical detection systems 

of commercial AFMs [40]. Thanks to this high degree of sensitivity, SEW was subsequently able 

to prove experimentally the existence of the Belinfante spin momentum of the Poynting vector, 

solving a problem in field theory that had eluded physicists for generations [41, 42]. While not of 

direct relevance to SCFI, this discovery nonetheless demonstrated the remarkable sensitivity and 

utility of the SEW detection system that is used in SCFI. 

The first biological use of the SEW detection system, also called lateral molecular force 

microscopy (LMFM), was the investigation of forces used by kinesin, a biomolecular motor, 

moving along microtubules in vitro [43]. Although the SEW detection system used in these 

experiments had not yet been fully optimised for biological samples, the results nonetheless 

provided experimental values of step-size and time between steps that aligned with previous 

investigations using optical tweezers [43]. 

Not long thereafter, it was discovered that bacteria immersed into the evanescent field 

created a time-dependent scattering pattern, or intensity fluctuations, that changed 

quantitatively under conditions known to induce cell death [44]. This pattern was not generated 

by entire cells, but rather the movements of sub-cellular objects, meaning that any errors 

stemming from cell-wide constructive or destructive interference of multiple moving sub-

cellular objects, or from changes in membrane elasticity, could be ignored [44]. If assuming 

that the cellular fluctuations measured using for example PIT are caused by sub-cellular 
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activities, then SEW microscopy should also have a general advantage with regard to sensitivity 

due to the above. This is then the basis of SCFI, and additional testing on bacterial cells not 

only confirmed the initial results, but also showed that this method is able to differentiate 

between healthy and dying (but not yet dead) bacterial cells in real time, as well as between 

strains susceptible and resistant to a given antibiotics, producing reliable evaluations of cellular 

viability in a few hours [44]. This means that that SCFI has several potential advantages over 

other fluctuation-based methods of AST mentioned above, as the method is label-free, and it 

can also provide reproducible measurements of cellular activity associated to a specific 

metabolic state in the measured bacteria, implying that, at least in bacteria cells, the sub-cellular 

fluctuations measured are somehow related to cellular metabolism [44]. 

However, if considering the fluctuations a bio-marker for cellular viability, as it does not 

seem to be unique to prokaryotes, then it could also be possible to evaluate eukaryotic cell 

viability using SCFI [23, 24]. SCFI could then be used to reveal the effects on cancer cells of 

cytotoxic drugs, which, as mentioned above, might have a significant and meaningful impact 

on the war against human mortality from cancer. 
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2 AIMS 

The principal aim of this project was to investigate if SCFI, which has previously and 

successfully been utilised to perform AST in a non-clinical setting, can be used to 

quantitatively evaluate how well a given cytotoxic drug reduces the viability of a specific 

human cancer cell line, when compared with previous literature. If it can be demonstrated 

empirically that SCFI is able to perform this task with a sufficient degree of statistical 

reliability, as defined in section 3.5, then the technique could have applications both clinical 

and related to the screening of new drugs, which in turn can be of significant benefit to the 

scientific effort to reduce if not eliminate human mortality from cancer. 

In order to pursue this aim empirically, two drugs and four cell lines derived from a 

variety of cancers were chosen to be measured by the SEW detection system used in SCFI; 

if this technique is capable of evaluating cytotoxic drug efficacy for drugs working in different 

ways, and for several different cancer cell lines, then it could be inferred that the method 

should work for all similar antineoplastic drugs and human cancer cell lines, and that it could 

then have a much wider range of applications. 

If the primary aim can be achieved, and it be demonstrated that SCFI is indeed able to 

reliably evaluate cytotoxic drug efficacy for a variety of drugs and cell lines, then the 

secondary aim would become the evaluation of the advantages and disadvantages of this 

method in comparison with currently available alternatives, or more specifically: 

 

1. Is the SCFI method faster or slower than currently available alternatives? 

2. Is the SCFI method more or less expensive than currently available alternatives? 

3. Is the SCFI method more or less suitable for HTS than currently available alternatives? 

 

To summarise the above, the primary aim of this project was therefore to evaluate if the 

method works, while the secondary aim was to perform a comparative evaluation of how well 

the method works. 
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3 MATERIALS AND METHODS 

3.1 SCFI instrumentation 

3.1.1 Principles of SCFI 

The SEW detection system used by SCFI generates its evanescent electromagnetic field in 

the same way as is the case in TIRM and total internal fluorescence microscopy (TIRFM). It 

was first discovered in 1956 that TIR can be used to image cells, but it was not until the 

1980s that biophysicists discovered that this was due to an electromagnetic field penetrating 

the surface boundary, and into the liquid buffer, in spite of the light beam experiencing TIR 

[39, 45]. This electromagnetic field propagates as an evanescent wave, and the light intensity 

𝐼 at a distance 𝑧 above the surface of the medium experiencing TIR is given as [45], 

 

 𝐼 = 𝐼0 exp(−𝑧 𝑑⁄ ) Equation 1 

 

Where 𝐼0 is the intensity of the beam, and 𝑑 is the characteristic exponential decay length, 

given as [45], 

 

 𝑑 =
𝜆

4𝜋𝑛2
(

sin2 𝜃

sin2(sin−1(𝑛2 𝑛1⁄ ))
− 1)

−1 2⁄

 Equation 2 

 

Where 𝜆 is the wavelength of the beam, 𝑛2 the refractive index of the (liquid) medium into 

which the evanescent wave propagates, 𝑛1 the refractive index of the medium experiencing 

TIR, and 𝜃 the angle of incidence. This gives that the propagation of the evanescent wave 

does not extend much beyond the surface boundary, which in turn allows for the controlled 

illumination of a very small region close to the surface. For TIRFM, this means that one is 

able to selectively turn on and off the fluorescence of individual proteins inside a cell, which 

has been extremely useful to biophysicists and biologists alike [45, 46]. 

In SCFI, this evanescent field is scattered by nanoscale dielectric objects (e.g. organelles), 

the scattered light is then collected by a high numerical aperture objective lens, and projected 

downwards unto an image plane [40]. This means that if the scattered light can be collected 

so that the intensity becomes a function of 𝑥, 𝑦  (e.g. using a CMOS camera), then the 

scattering pattern can be reconstructed. If the scattering objects are moving, then the 
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scattering pattern will change over time, and this provides the fluctuations calculated 

according to section 3.4. 

 

Figure 1: Schematic diagram of the SCFI setup based on the SEW detection system. (1) laser source, (2) lens, 

(3) right angle mirrors, (4) high NA lens, (5) LED for bright-field illumination, (6) petri dish containing sample, 

(7) x-y slip-stick stage, (8) TIR of laser beam, (9) scattered light, (10) block, (11) tube lens, (12) CMOS camera 

sensor, (13) bright-field image of PC-3 cell, (14) scattering pattern of same PC-3 cell, (15) buffer, (16) cell, (17) 

evanescent field, (18) petri dish substrate, (19) scattered light. 

 

3.1.2 Specifics of the SEW detection systems used 

The SCFI results presented in this thesis were obtained using two separate SEW detection 

systems. Both systems operate as shown in Figure 1, but used slightly different components; 

however, previous research, as well as the results presented in this thesis, show that the two 

systems produces the same fluctuation values under otherwise identical circumstances [44]. 

The main components of both systems are listed below. The first system (located in PHYS) 

was used for all measurements of PC-3 cells, apart from 7.1.1, and uses the following 

components: 

 

1. Hamamatsu Orca4 sCMOS (pixel size 6.5x6.5 µm, quantum efficiency 70% at 561 nm, 

RMS readout noise 1.5 e-1). 
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2. 561 nm fibre-coupled diode laser (Vortran Stradus), with a beam diameter post 

collimation of 1 nm, and typical power after the fibre of 1 mW. 

3. Nikon TIRF 1.49 NA objective lens, providing image size on video camera sensor of 

26.5 nm/pixel. 

4. NI USB-7856R FPGA in combination with fully custom made parts for electronics. 

 

The second system (located in CMM) was used for all measurements of Caco-2, A549, and 

Calu-3 cells, and uses the following components: 

 

1. Thorlabs Quantalux sCMOS (pixel size 5.04x5.04 µm, quantum efficiency 55% at 488 

nm, RMS readout noise <1.5e-1). 

2. 488 nm fibre-coupled diode laser (Vortran Stradus), with a beam diameter post 

collimation of 5 nm, and typical power after the fibre of 30 mW. 

3. Nikon TIRF 1.49 NA objective lens, providing image size on video camera sensor of 29 

nm/pixel. 

4. NI USB-7856R FPGA in combination with fully custom made parts for electronics. 

 

The specifics of SCFI operation can be found in section 3.3. 

 

3.2 Biological sample preparation 

Please note that provided catalogue numbers for consumables are Gibco unless stated 

otherwise. 

 

3.2.1 PC-3 standard protocol 

PC-3 cells (human derived prostate cancer) were grown in RPMI-1640 [52400-025] 

containing 10% FBS and 1% Pen-Strep [15140-122] (‘RPMI-mix’), and incubated in T25 

flasks at 5% CO2 and 37°C. Cells were split or seeded for measurement when they reached 

a confluency of >70%. For all measurements involving PC-3 cells, apart from the same-day 

measurements, samples were seeded one day (c. 24 h) before the start of measurements. 

Before measurements, medium was changed to Leibovitz’s L-15 [11415-049] containing 10% 

FBS and 1% Pen-Strep [15140-122] (‘L-15’); the reason for the change to L-15 was due to 

no available incubator with CO2 control close to the SEW detection system in PHYS. All 

PC-3 cells measured were seeded into Ibidi 35 mm µ-dishes (polymer coverslip, sterile) 
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[81158], apart from the samples used for the media comparison test, which used Greiner 

Bio-One CELLview 35 mm cell culture dishes (glass coverslip, sterile) [627861]. The 

protocol used for seeding PC-3 cells was as follow: 

 

1. Pre-warm (to 37°C) Trypsin-EDTA [25300-054] and fresh RPMI-mix for 15-20 min. 

2. Spray all surfaces of tissue culture hood with 70% ethanol, and allow to evaporate. 

3. Check old T25 flask with PC-3 cells in bright field microscope to estimate confluency. 

4. Aspirate old medium in T25 flask into waste without disturbing cells. 

5. Carefully add 3 ml DPBS (-/-) [14190-094] to the side of the T25 opposite to the PC-3 

cells, gently wash, and aspirate into waste without disturbing cells. 

6. Add 3 ml Trypsin-EDTA to the T25, and incubate cells for 5 min. 

7. Check under microscope that cells have detached. 

8. Add 3 ml RPMI-mix to the flask, rinse, and transfer cells to 50 ml Falcon tube. 

9. Add an additional 2 ml RPMI-mix to the flask, rinse, and transfer contents to the 50 ml 

Falcon tube containing the cells. 

10. Centrifuge at 900 rpm for 4 min. Check that cells have pelleted afterwards. 

11. Carefully aspirate supernatant into waste without disturbing pellet. 

12. Re-suspend pellet in 3 ml RPMI-mix. 

13. Calculate amount of cells per ml using a cell counting slide or similar. 

14. Calculate volume of cell suspension necessary for 30,000 cells. 

15. Add volume corresponding to 30,000 cells into a petri dish, and repeat for each 

individual sample. 

16. Add RPMI-mix to each petri dish so that the total volume is 2 ml. 

17. Incubate samples, put remaining cells into one or several T25 flasks at appropriate splits 

to achieve >70% confluency in 2 days, and incubate T25 flasks. 

18. Clean tissue culture and aspirator tubing hood with 70% ethanol. 

 

On the morning of the experiment, the following protocol was undertaken: 

 

1. Pre-warm (to 37°C) L-15 for 15-20 min. 

2. Spray all surfaces of tissue culture hood with 70% ethanol, and allow to evaporate. 

3. Pre-warm (to room temperature) frozen stock solution of either staurosporine (STS) or 

paclitaxel (TAX), and calculate the amount to be added using the following equation: 
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 𝐶𝑆 × 𝑉𝑆 = 𝐶𝐹 × 𝑉𝐹 → 𝑉𝑆 =
𝐶𝐹×𝑉𝐹

𝐶𝑆
 Equation 3 

  

Where 𝐶𝑆 is the concentration of either STS or TAX in the stock solution (e.g. 10,000 

µM), 𝐶𝐹 is the desired concentration in the sample (e.g. 8 µM), 𝑉𝐹 the total volume of the 

sample (e.g. 2 ml), and 𝑉𝑆 the volume of stock solution to be added to the sample (e.g. if 

taking the above inputs, then this would become 1.6 µl). 

4. Mix L-15 and stock solution according to the above equation into a 10 ml Falcon tube 

for each treated sample, or a corresponding amount of DMSO [D12345] for each 

control sample. 

5. Aspirate old medium in each petri dish into waste without disturbing cells. 

6. Carefully add the new medium with either drug or control vehicle to each petri dish, and 

prepare cells for transport. 

7. Clean tissue culture and aspirator tubing hood with 70% ethanol. 

 

Safe disposal of cells post-measurements was done using concentrated Virkon in CMM. All 

PC-3 cells were grown and seeded in CMM. 

 

3.2.2 PC-3 same-day protocol 

For the same-day experiments undertaken using PC-3 cells and TAX, cells were seeded 3 h 

before the start of measurements, using a protocol based on the one in 3.2.1 but with the 

following differences: 

 

1. L-15 was pre-heated in addition to Trypsin-EDTA and RPMI-mix. 

15. 50,000 cells were seeded in each petri dish used, instead of 30,000. 

16. L-15 was added instead of RPMI-mix to achieve a total volume of 2 ml. 

17. Samples were not incubated, but transported directly to PHYS. 

 

3.2.3 Caco-2 protocol 

Caco-2 cells (human derived colorectal cancer, epithelial) were grown and measured in 

DMEM [11965-092] containing 10% FBS, 1% L-glutamine, and 1% Pen-Strep [15140-122] 

(‘DMEM-mix’), and incubated in T75 flasks at 5% CO2 and 37°C. Cells were split or seeded 
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for measurement when they reached a confluency of >70%. For all measurements involving 

Caco-2 cells, samples were seeded at least one day before the start of measurements. All 

Caco-2 cells measured were seeded into Greiner Bio-One CELLview 35 mm cell culture 

dishes (glass coverslip, sterile) [627861]. The protocol used for seeding samples containing 

Caco-2 cells was: 

 

1. Pre-warm (to 37°C) Trypsin-EDTA, DPBS, and fresh DMEM-mix for 15-20 min. 

2. Spray all surfaces of tissue culture hood with 70% ethanol, and allow to evaporate. 

3. Check old T75 flask with PC-3 cells in bright field microscope to estimate confluency. 

4. Aspirate old medium in T75 flask into waste without disturbing cells. 

5. Carefully add 10 ml DPBS to the side of the flask opposite to the Caco-2 cells, gently 

wash, and aspirate into waste without disturbing cells. 

6. Add 3 ml Trypsin-EDTA to the flask, and incubate cells for 5 min. 

7. Check under microscope that cells have detached. 

8. Add 4 ml DMEM-mix to the flask, rinse, and transfer cells to 50 ml Falcon tube. 

9. Add an additional 3 ml DMEM-mix to the flask, rinse, and transfer contents to the 50 

ml Falcon tube containing the cells. 

10. Centrifuge at 1100 rpm for 5 min. Check that cells have pelleted afterwards. 

11. Carefully aspirate supernatant into waste without disturbing pellet. 

12. Re-suspend pellet in 2 ml DMEM-mix. 

13. Add 100 µl cell suspension into a petri dish (if assuming c. 100% initial confluency; a 

higher volume if lower initial confluency), and repeat for each individual sample. 

14. Add DMEM-mix to each petri dish so that the total volume contained becomes 2 ml. 

15. Incubate samples, put remaining cells into one or several T75 flasks at appropriate splits 

to achieve >70% confluency in 2 days, and incubate flasks. 

16. Clean tissue culture and aspirator tubing hood with 70% ethanol. 

 

Prior to measurements were taken using samples containing Caco-2 cells, the medium was 

replaced with new DMEM-mix as well as drug or control vehicle, which was added to the 

sample as described in 3.2.1. The only exception was the single experiment involving PFA 

and Caco-2 cells, which is described in greater detail in 7.1.5. No inter-building transport was 

necessary for the measurement of Caco-2 cells, and incubator with CO2 control was available 

near the SEW detection system in CMM. All Caco-2 (plus A549 and Calu-3) cells were grown 
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and seeded in CMM. Safe disposal of cells post-measurements was done using Virkon in 

CMM. 

 

3.2.4 A549 protocol 

A549 cells (human derived alveolar basal cancer, epithelial) were grown and measured in 

DMEM [11965-092] containing 10% FBS, 1% L-glutamine, and 1% Pen-Strep [15140-122] 

(same as for Caco-2 cells), and incubated in T75 flasks at 5% CO2 and 37°C. Cells were split 

or seeded for measurement when they reached a confluency of >70%. A549 cells were 

seeded using the same protocol as for Caco-2 cells (see 3.2.3), and were only measured 

without drug treatment at days 2, 4, and 7 post-seeding (if seeded at day 0). Medium was 

replaced before each set of measurements. 

 

3.2.5 Calu-3 protocol 

Calu-3 cells (human derived lung cancer, epithelial) were grown and measured in MEM 

[21090-022] containing 10% FBS, 1% L-glutamine, 1% Pen-Strep [15140-122], 1% sodium 

pyruvate (Na+), and 1% MEM non-essential amino acids [11140-050] (‘MEM-mix’), and 

incubated in T75 flasks at 5% CO2 and 37°C. A confluency of >90% was deemed necessary 

before the cells were split or used to seed samples for measurement, as the Calu-3 cells grew 

slower and were more sensitive than the other epithelial cell lines used. Calu-3 cells were 

seeded using the same protocol as for Caco-2 cells (apart from the use of a different growth 

medium, see 3.2.3), and were only measured without drug treatment at days 2, 4, and 7 post-

seeding (if seeded at day 0). Medium was replaced before each set of measurements. 

 

3.2.6 Sample transportation and incubation 

Transportation of cell samples measured in PHYS (PC-3) took on average 25 min from 

CMM to incubator (with no CO2 control) in PHYS, including on average 10-15 min outdoor 

transportation between buildings. Cells were transported in a thick plastic box that was pre-

heated to 37°C in the incubator in CMM for >30 min prior to transport. For experiments 

undertaken during colder months (i.e. the PC-3 standard measurements), this is presumed to 

have had an effect on initial measurements, which will be discussed later in greater detail. 

Transportation of samples between incubator and microscope in PHYS took on average <1 

min. Samples were kept in the plastic box during incubation, and incubated for a minimum 
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of 30 min before the first set of measurements, to allow for recovery post-transportation. 

The plastic box was thoroughly sterilised between uses. 

Transportation of samples measured in CMM (Caco-2, A549, and Calu-3) was 

completely indoors, with an estimated duration of <1 min. As such, additional incubation 

prior to SCFI measurements was not deemed necessary for cell recovery. Samples were 

transported using thin plastic boxes, which were sterilised between uses. 

 

3.3 Experimental protocol 

3.3.1 Microscope in School of Physics (one-day tests) 

Measurements of PC-3 cells using the SEW detection system in PHYS followed the protocol 

below: 

 

1. Remove the dichroic mirror (if inserted between (1) and (2) in Figure 1) and turn on 

computer. Wait until computer has completed booting. 

2. Position LED, turn on source, and open the BioLED software, and chose USB. 

3. Turn on blue box, IR box, and CMOS camera. 

4. Turn on LASER IN USE warning sign, then turn on laser source, and turn off any and 

all lasers using the Vortran Stradus software. 

5. Engage shutter (between (2) and (3) in Figure 1), which is connected to a power supply 

of 10 V and 0.2 A. Turn on 561 nm laser (1 mW) if safe to do so. 

6. Open and start signal acquisition program (LabView, current version 1.7RT.vi). 

7. Turn on LED light, and adjust if necessary. 

8. (Optional) Pre-focus microscope using an empty Ibidi 35 mm µ-dish. 

9. Put a sufficient amount of immersion oil [Olympus IMMOIL-F30CC] to cover the edge 

of the microscope lens. 

10. Collect sample from incubator in B32, and put sample on stage (see Figure 1). 

11. By controlling the x, y, and z positions of the stage via the IR box, ensure TIR and focus 

in the centre of the screen shown in the signal acquisition program. TIR can be detected 

either using a prism or using laser (1 mW); if the latter, then either try to focus until small 

specs of dust or dirt on the surface are seen as tiny specs of light, or focus until the 

characteristic scattering pattern can be seen (which is the fastest way, if sufficiently 

experienced). 
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12. When fully focused, in bright-field (BF) illuminated by the LED light, find a PC-3 cell 

that is 1) fully adhered to the surface, 2) visibly intact, and 3) at a distance at least one 

diameter from the closest other cell. Move the stage in x and y so that the cell is in the 

middle of the screen, and then mark the centre of the cell as the centre of the 300x300 

pixel image capture. 

13. (Optional) Check dark-field (DF) or scattering pattern image for saturation (i.e. any parts 

consistently white over time), and avoid any cells or cell regions fully or mostly saturated, 

as this will cause an error by lowering the fluctuation score. 

14. (Optional) Take a still image of BF and/or DF of the individual cell. 

15. In DF (ensure that LED is turned off in BioLED), record a 20 s video at 20 frames/s. 

Do not touch microscope during the recording. 

16. Find a different cell, and repeat steps 12-15 as necessary. 

17. When having taken the desired number of measurements, return the sample to incubator 

after having removed any excess oil on the underside of the dish. 

18. If measuring multiple samples, then repeat steps 9-17 as necessary. 

 

After all samples had been measured the desired number of times, the SEW detection system 

was turned off in accordance with the protocol seen below: 

 

1. Turn off laser in software, turn off laser source, and turn off warning sign. 

2. Turn off CMOS camera. 

3. Turn off blue box and IR box. 

4. Turn off everything else, including all open computer programs. 

5. Clean everything with 70% ethanol. 

6. Put a little bit of immersion oil on lens, and put a clean cover slip on top of leans to 

prevent it from drying. 

7. Collect samples from incubator for transportation and disposal in CMM. 

 

A few examples of what SCFI measurements of untreated PC-3 cells look like can be seen 

in Figure 2, taken from the results presented in 4.1. No BF images were taken of non-PC-3 

cell lines due to technical constraints (see 3.3.2), but all cell lines looked very similar in DF 

(regardless if treated with a drug or not). 
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Figure 2: A selection of BF and DF images of PC-3 cells to show what is seen during SCFI measurements (see 

4.1 for more details on the specific measurements seen above). (a) and (c) are BF and DF images of cell 

8608092020 (also seen in Figure 1), while (b) and (d) are BF and DF images of cell 1315092020. (e) to (j) 

show DF images taken at the centre of the PC-3 cells seen in (c) and (d), at 300x300 pixels resolution, and at 

different time intervals. (e), (f), and (g) shows the centre of cell 8608092020 at time = 0 s, 10 s, and 20 s. (h), 

(i), and (j) shows the centre of cell 1315092020 at time = 0 s, 10 s, and 20 s. 
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3.3.2 Microscope in School of Cellular and Molecular Medicine (one-day tests) 

Measurements undertaken on a single day for a given sample (disposed afterwards), using 

the SEW detection system in CMM, followed the protocol seen below: 

 

 

1. Turn on computer. 

2. Turn on electronics box. 

3. Turn on laser by turning on the laser source and then turning the safety key to on. 

4. Open Vortran Stradus software and turn off laser. 

5. Open and start signal acquisition program (LabView, current version 4.1b.vi). 

6. Use external light source (not connected to computer) for BF imaging. 

7. (Optional) Pre-focus microscope using an empty CELLview 35 mm cell culture dish. 

8. Put a sufficient amount of immersion oil [Olympus IMMOIL-F30CC] to cover the edge 

of the microscope lens. 

9. Collect sample from incubator, and put on top of the stage (see Figure 1). 

10. By controlling the x, y, and z positions of the stage via the electonics box, ensure TIR 

and focus in the centre of the screen shown in the signal acquisition program. Ensure 

TIR and focus using the same method as for the microscope in PHYS. 

11. When fully focused, in BF illuminated by the external light source, find a cell that is 1) 

fully adhered to the surface, 2) visibly intact, and 3) surrounded by other cells that comply 

with 1) and 2). Move the stage in x and y so that the cell is in the middle of the screen, 

and then mark the centre of the cell as the centre of the 300x300 pixel image capture. 

12. (Optional) Check DF (scattering pattern) image for saturation, and avoid any cells or cell 

regions fully or mostly saturated, as this will cause an error by lowering the fluctuation 

score. 

13. In DF, record a 20 s video at 20 frames/s. 

14. Find a different cell, and repeat steps 11-13 as necessary. 

15. When having taken the desired number of measurements, return the sample to incubator 

after having removed any excess oil on the underside of the dish. 

16. If measuring multiple samples, then repeat steps 9-15 as necessary. 

 

After all samples had been measured the desired number of times, the SEW detection system 

was turned off in accordance with the protocol seen below: 
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1. Turn off laser in software, turn safety key to off, and turn off laser source. 

2. Turn off electronics box. 

3. Turn off everything else, including all open computer programs. 

4. Clean everything with 70% ethanol. 

5. Put a little bit of immersion oil on lens, and put a clean cover slip on top of leans to 

prevent it from drying. 

6. Dispose of samples not used for multiple-day tests using Virkon in CMM. 

 

The SEW detection system in CMM did not utilise a LASER IN USE warning sign, as a lid 

had been devised to fully cover the stage during measurements, with the laser being 

automatically turned off if lid is not on. 

 

3.3.3 Microscope in School of Cellular and Molecular Medicine (multiple-day tests) 

For multiple-day tests (see 4.2 and 4.4), the protocol above was followed with the following 

exception: prior to measurements taking place more than 24 h after the first set of 

measurements, medium was changed to fresh medium pre-heated to 37°C. Medium was not 

changed before additional measurements taking place less than 24 h after the first set. For 

treated samples measured in multiple-day tests (i.e. Caco-2 with STS and TAX), any 

subsequent change of medium outlined above did not include the addition of more drug, but 

only control vehicle (same as untreated). 

 

3.4 Fluctuation analysis method 

SCFI measures the fluctuation of measurements of individual cells, which depends on the 

change over time of the log-normalised intensity that is given as, 

 

 𝑖(𝑥, 𝑦) = log (
𝐼(𝑥,𝑦)−𝐼min

𝐼max
) Equation 4 

 

Where 𝐼(𝑥, 𝑦)  is the measured intensity for a given pixel of a given frame, 𝐼min  is the 

background intensity for the sample (removed before calculating the natural logarithm), and 

𝐼max = 65535, which is the maximum intensity that can be recorded by a 16-bit CMOS 

camera; it is divided by this value as to normalise the intensity in the range 0 to 1 before 
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taking the natural logarithm, in order to make measurements consistent between samples. 

This then gives the standard deviation of each pixel as, 

 

 𝑠(𝑥, 𝑦) = √
1

𝑁−1
∑ (𝑖(𝑥, 𝑦)𝑗 − 𝑖(𝑥, 𝑦))𝑁
𝑗=1  Equation 5 

 

Where 𝑁 = 400 since the video of a single cell is recorded in 20 frames/s for 20 s, resulting 

in 400 frames per measurement. The fluctuation value 𝑓 for a given measurement (given in 

AU) is then defined as the average standard deviation taken over a 30x30 pixels region of 

interest (ROI), 

 

 𝑓 =
1

𝑅
∑ 𝑠(𝑥, 𝑦)𝑘
𝑅
𝑘=1  Equation 6 

 

Where 𝑅 = 900 , as given by a 30x30 pixels ROI. LabView was used to calculate the 

fluctuation value for each individual measurement consisting of 400 .tiff-images of a single 

cell, using the equations above. This could also be done using e.g. Python or similar, as well 

as if utilising images of a different file type. The entire basis for the data analysis is provided 

in the equations above, and its simplicity could be seen as one of the strong points of SCFI. 

 

3.5 Statistical analysis 

In order to determine the statistical significance of the results, Welch’s two-sided t-test 

(assuming unequal variance) was used to ascertain whether or not individual fluctuation data 

sets differed from each other, and to determine the t-statistic and relevant p-values. This is 

key to examining the capabilities of the SCFI method to quantitatively evaluate cytotoxic 

drug efficacy, and the statistical difference deemed necessary to reject the null hypothesis 

was assumed to be p = 0.05. 

Welch’s two-sided t-test was chosen since it offers a very straightforward method of 

statistical analysis (i.e. comparison of two data sets), and no individual experiment involved 

more than three pooled data sets for comparison. If comparing SCFI measurements 

involving numerous parallel data sets, then other methods of statistical analysis, e.g. one-way 

ANOVA, would be preferable. 
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3.6 Cytotoxic drugs 

3.6.1 Staurosporine 

STS is a naturally occurring compound of high cytotoxicity, known to cause eukaryotic cell 

apoptosis when applied in vitro [47, 48, 49]. First discovered in the 1970s as a product of the 

bacterium Streptomyces with interesting anti-fungal properties, STS was revealed as a highly 

effective cytotoxic drug in the 1980s, and has since become a favoured method of killing 

cancer cells in a laboratory environment [50]. STS works by inhibiting protein kinases by 

preventing ATP binding, which has the potential of preventing a number of biochemical 

processes inside the cell [50]. The exact pathway to apoptosis is still not fully understood, 

but one possibility is the activation of caspase proteases [51]. 

STS has previously and successfully been used with PC-3 and Caco-2 cells [47, 48, 49, 

52, 53]. Interestingly, PC-3 cells exhibit a limited resistance to STS, which may derive from 

overexpression of the Bcl-xL protein in PC-3 cells [47, 48]. No such resistance can be seen 

in Caco-2 cells [49, 52, 53]. 

 

3.6.2 Paclitaxel 

TAX is one of the most common antineoplastic medications currently in clinical use, and the 

first anti-cancer drug with annual sales above one billion USD [54]. It works by preventing 

tubulin disassembly, thus preventing reassembly and blocking mitosis, which either kills the 

cancer cell or forces it to revert to the static G0 phase [55, 56]. Resistance to treatment is 

believed to stem either from impaired polymerisation of the tubulin or the neutralisation of 

TAX by certain membrane proteins [56]. TAX was first discovered in the 1970s when it was 

isolated from the bark of the Pacific yew, and the ability of producing TAX from a 

semisynthetic process involving bark from common yew makes it one of the most affordable 

and readily available antineoplastic drugs [54, 56]. 

TAX has previously and successfully been used to kill PC-3 cells in both in vitro and in 

vivo settings, and the cell line has been proven to be very susceptible to TAX [57]. However, 

it has previously been reported that concentrations of TAX similar to that used in this project 

had little to no effect on Caco-2 cells [58]. This has the advantage of permitting the 

comparison between susceptible and fully resistant cell lines when subjected to the same drug. 
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4 RESULTS 

4.1 PC-3 standard measurements 

The first cell line to be tested was PC-3 cells, treated with 8 µM STS, 10 µM TAX, or 

equivalent amount of control vehicle (DMSO). The concentrations of STS and TAX used 

were decided based on a combination of previous literature and lab safety limitations [47, 48, 

57]. The cells were plated a day prior to SCFI measurements (see 3.2.1), and all such 

measurements of PC-3 cells (‘standard measurements’) were taken between December 2019 

and February 2020 while ensuring consistent methods of preparation and measurement. The 

results from all standard measurements of PC-3 cells can be seen in Figure 3. 

If looking at the mean fluctuation of all cells for each treatment condition, then SCFI 

was clearly able to differentiate between treated and untreated cells within 4 h. Given that 

the concentrations of STS and TAX used have previously been reported to kill PC-3 cells, 

these results are consistent with previous literature, including the relative resistance to STS 

in PC-3 cells [47, 48, 57]. This demonstrates that SCFI is able to rapidly detect the effects of 

well-characterised cytotoxic drugs, and by extension that of similar antineoplastic drugs. 

The p-values of pooled measurements prior to 180 min after the application of a drug 

or control vehicle did not show any statistical difference between treated and untreated 

samples (p-values: control/STS = 0.49, control/TAX = 0.57, STS/TAX = 0.81). However, 

the p-values of measurements taken after 180 min presented a very clear statistical difference 

between treated and untreated samples (p-values: control/STS = 1.99 × 10-17, control/TAX 

= 1.55 × 10-15). 

The initial fluctuation values of both treated and untreated PC-3 cells prior to c. 180 min 

were somewhat variable when comparing to later measurements and measurements of Caco-

2 cells at similar times (see 4.2). This is believed to stem from the cells recovering from having 

been exposed for 15-20 min to lower temperatures during outdoor transportation between 

labs. Another possibility considered was the cells reacting to the change of medium from 

RPMI to L-15 c. 1 h prior to measurements; however, a preliminary test (single repeat) 

comparing fluctuation values of PC-3 cells remaining in RPMI and cells whose medium was 

changed to L-15 (but without inter-building transportation) provided no statistical difference 

(see 7.1.1). Furthermore, the first set of PC-3 measurements were undertaken on a 

particularly cold day, and the first repeat did indeed have slightly lower initial fluctuation 

values compared to later repeats (see 7.2.1). 
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Figure 3: (a) First 40 measurements of each combined data set (control, STS, and TAX) as seen in the scatter 

plot, plus Gaussian distribution fittings. (b) Last 40 measurements of each combined data set, plus Gaussian 

distribution fittings. (c) Results from measurements on 450 PC-3 cells (140 control, 160 STS, and 150 TAX). 

Drug (STS, TAX) or control vehicle (DMSO) was added at time = 0. Results from three independent 

experiments were pooled. Each dot represents the measured fluctuation for a single cell. P-values for pooled 

data sets at time >180 min: control/STS = 1.99 × 10-17, control/TAX = 1.55 × 10-15, STS/TAX = 0.62. 
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4.2 Caco-2 standard measurements 

Caco-2 cells were investigated using SCFI, following treatment with 10 µM STS, 10 µM TAX, 

or equivalent amount of control vehicle (DMSO). The concentrations of STS and TAX used 

were decided based on a combination of previous literature and lab safety limitations [49, 52, 

53, 58]. The cells were plated a day prior to SCFI measurements (see 3.2.3), and 

measurements of Caco-2 cells (‘standard measurements’) were taken over three months while 

ensuring consistent methods of preparation and measurement. The results from all standard 

measurements of Caco-2 cells (first day) can be seen in Figure 4. 

While the initial tests involving PC-3 cells clearly demonstrated that SCFI is able to 

differentiate between untreated cells and cells treated with a cytotoxic drug for which the cell 

line in question is susceptible, the Caco-2 tests further demonstrated that SCFI is able to 

show whether or not a cytotoxic drug has an effect on cellular viability or not. As mentioned 

in 3.6.2, it has previously been reported that TAX in concentrations similar to what was used 

here has little to no effect on Caco-2 viability and cell growth [58]. The SCFI results were 

consistent with this, as there was no statistical difference between the pooled control and 

TAX data sets (p-value = 0.07), and the means of both data sets were within the standard 

deviation of each other (0.80 ± 0.06 AU for control, and 0.78 ± 0.05 AU for TAX). 

This can be contrasted to the response of Caco-2 cells to STS, resulting in a mean 

fluctuation of 0.62 AU after only 1.5 h, compared to 0.70 AU for PC-3 cells at the equivalent 

time (see 7.4.3 for the relevant p-values). This is consistent with previously published 

research, as Caco-2 are more sensitive to STS than PC-3 cells [47, 48, 49, 52, 53]. Thus, these 

measurements demonstrate that SCFI is able to compare quantitatively the effects of the 

same cytotoxic drug on different cell lines, or different drugs on the same cell line. This 

enables the use of SCFI to not only evaluate if an antineoplastic drug is effective at all, but 

also to find the drug with the highest efficacy for a particular sample. 
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Figure 4: (a) First 30 measurements of each combined data set (control, STS, and TAX) as seen in the scatter 

plot, plus Gaussian distribution fittings. (b) Last 30 measurements of each combined data set, plus Gaussian 

distribution fittings. (c) Results from measurements on 285 Caco-2 cells (110 control, 100 STS, and 75 TAX). 

Drug (STS, TAX) or control vehicle (DMSO) was added at time = 0. Results from three independent 

experiments were pooled. Each dot represents the measured fluctuation for a single cell. P-values for pooled 

data sets: control/STS = 4.69 × 10-22, control/TAX = 0.07, STS/TAX = 1.42 × 10-19. 
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Since an incubator with CO2 control was available for the Caco-2 measurements, and the 

medium remained DMEM during measurements, cells were returned to the incubator after 

the first day, and additional measurements taken the subsequent day and a week after plating 

the cells. The results (including measurements taken on day 1) can be seen in Figure 5. 

These results further reinforce the conclusion that Caco-2 cells are highly resistant to 

TAX at concentrations around 10 µM, and also that Caco-2 cells are more sensitive to STS 

than PC-3 cells. As a case in point, the last 5 measurements of Caco-2 cells treated with STS 

(at 24 h post drug application) were the only cells in the sample that were still adhered to the 

surface (and could thus be measured using SCFI); all other cells had lifted off, or were lifting 

off from the surface, implying cell death on a massive scale. While not a quantitative 

measurement, there was also a much higher degree of visible cell death in BF of STS treated 

Caco-2 cells at 180 min when compared to STS treated PC-3 cells at equivalent time. 

The control and TAX data sets also imply that for untreated or resistant cells, there is 

no change of mean fluctuation over time, as indicated by the rolling mean in Figure 5. This 

was further investigated, and the results can be seen in 4.4. 

 

Figure 5: Results from measurements on 385 Caco-2 cells (160 control, 125 STS, and 100 TAX). Drug (STS, 

TAX) or control vehicle (DMSO) was added at time = 0. Results from three independent multi-day experiments 

were pooled (result prior to 240 min same as in Figure 4). Each dot represents the measured fluctuation for a 

single cell. A rolling mean was used to estimate the change of fluctuation average over time. Please also note 

that 1440 min = 24 h, and 8640 min = 6 days. 
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4.3 PC-3 same-day measurements 

The results presented so far are able to verify that SCFI is able to reliably evaluate cytotoxic 

drug efficacy within 3 h of applying the drug, if using cells plated on the previous day and 

incubated overnight. This indicates that SCFI could be faster than most, if not all, alternative 

assays capable of evaluating cytotoxicity and antineoplastic efficacy [9]. However, would it 

be possible to improve the speed any further? 

To answer this question, a set of experiments were devised to investigate if plating 

followed by overnight incubation could be eliminated from the protocol to speed up the 

assay. Thus, PC-3 cells were seeded directly into L-15 together with drug or control vehicle 

3 h prior to measurements (see 3.2.2). An initial test using STS did not give any statistical 

difference between treated and untreated cells (see 7.1.3), but this could be due to the partial 

resistance to STS in PC-3 cells, as mentioned before [47, 48]. However, seeing that there is 

no prior knowledge of any resistance to TAX in PC-3 cells, the experiment was done again 

using TAX, and the pooled results from three repeats can be seen in Figure 6. 

 

Figure 6: Results from measurements on 210 PC-3 cells (105 control and 105 TAX) plated 3 h before start of 

measurements. Results from three independent experiments were pooled. Gaussian distribution fittings have 

been added for easier comparison of the data sets. Fluctuation mean of untreated samples was 0.79 AU, while 

for TAX treated samples it was 0.73 AU, with a control/TAX p-value of 1.15 × 10-6 (pooled data sets). 
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In addition to a very clear statistical difference when comparing the pooled treated and 

untreated data sets (p-value = 1.15 × 10-6), the untreated mean fluctuation was also similar 

to that of PC-3 cells pre-plated one day before experiments (see 4.1). In addition, each repeat 

showed a clear difference between treated and untreated cells (see 7.2.2). The cells measured 

in this experiment had similar appearance and shape to those pre-plated on the day before, 

but with a lower number of cells adhered to the surface. 

The effect of TAX in reducing mean cellular fluctuation was thus observed even without 

overnight incubation, and these results demonstrate that SCFI is able to detect the effects of 

cytotoxic drugs reliably within 3 h, even to cells initially in suspension, which could be similar 

to cells freshly isolated from human tumours in a clinical setting. This means that SCFI is 

not only able to reliably evaluate cytotoxic, and by extension antineoplastic, drug efficacy for 

different human cancer cell lines, but the method is also significantly faster than most, if not 

all, current alternatives [9]. 

 

4.4 Measurements of other cell lines 

The SCFI measurements describes so far were acquired using sub-confluent PC-3 and Caco-

2 cells. However, epithelial cells such as Caco-2 form cell-cell junctions based on E-cadherin 

with neighbouring cells, which reduces proliferation [59]. Seeing that the origin of the sub-

cellular fluctuations measured in SCFI is not yet fully understood, the question if confluence 

and quiescence affect the level of fluctuations is an important one. Therefore, untreated 

Caco-2 cells, as well as Calu-3 and A549 cells (all epithelial), were measured in a weeklong 

experiment (see 3.3.3) to test if there were any changes of fluctuation over time, or related 

to cell confluency, with measurements taken 2, 4, and 7 days after cells were plated. The 

results can be seen in Figure 7. 

The experiment showed no statistical change in mean fluctuations and fluctuation 

distributions when comparing the individual data sets from each cell line using Welch’s two-

sided t-test (except when comparing Caco-2 day 2 and day 4, which a provided a p-value of 

0.01, see 7.4.4, but also fluctuation means within the standard deviations of each other), 

despite a near doubling of cell confluency to 100% by day 7. This implies that cellular 

confluence does not affect the fluctuations measured by SCFI, as there is no change in 

fluctuation of untreated cells over time. 
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Figure 7: Results from measurements on 95 Caco-2, 95 Calu-3, and 95 A549 cells, measured 2, 4, and 7 days 

after seeding the samples. Sample confluency estimated by visual inspection at 60% for all cell lines at day 2, 

and 100% for all cell lines by day 7. Means, standard deviations, and average p-values for each cell line were as 

follow: meanCaco-2 = 0.80 AU, stdCaco-2 = 0.05 AU, p-valueCaco-2 = 0.12, meanCalu-3 = 0.76 AU, stdCalu-3 = 0.06 

AU, p-valueCalu-3 = 0.6, meanA549 = 0.78 AU, stdA549 = 0.06 AU, p-valueA549 = 0.37. 

 

Both the Calu-3 and A549 cell lines behaved very similar to Caco-2 cells during culture and 

measurements; in fact, this experiment also demonstrated that the mean fluctuation of 

untreated cells is similar for all four cell lines investigated in this project (c. 0.75-0.8 AU, see 

Figures 2-6). Seeing that PC-3, Caco-2, Calu-3, and A549 cells cover a wide range of human 

cancer cell lines in morphology, this suggests that all adherent cancer cell lines should behave 

similarly; both with regard to the quantitative fluctuation mean for untreated cells, and the 

apparent absence of time-dependence as well as dependence on confluency for fluctuation 

means and distributions. This in turn implies that SCFI could be used to evaluate cytotoxic 

drug efficacy in other cancer cell lines with a high level of reliability and consistency, as effects 

from cell confluency should not affect tests of cytotoxicity, and by extension antineoplastic 

drug efficacy. 
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5 DISCUSSION 

When considering the aims stated at the beginning of this dissertation, then it is clear that 

this project successfully demonstrated that SCFI can be used to evaluate the effects of 

cytotoxic drugs on human cells, which in turn could allow the method to be used to test 

cytotoxic drug efficacy on primary human tumour cells. We have shown that SCFI is able to 

reliably predict human cancer cell death from cytotoxic drugs, when cell death is expected 

according to previous literature, that SCFI is able to reliably estimate partial or full resistance 

to a given cytotoxic drug in a given human cancer cell line, and that SCFI is able to do this 

in less than 3 h total time. This already answers the secondary question of speed, as this 

means that SCFI is considerably faster than most, if not all, current methods of evaluating 

cytotoxic drugs [9], and the results presented also suggests that SCFI is highly reliable and 

reproducible. We have also shown that SCFI is not affected by cell confluence, which further 

improves the reliability and speed of the method. In addition, the fact that a number of cell 

lines, and from locations ranging from the lung to the prostate, were successfully measured 

using SCFI, and also had remarkably similar values of mean fluctuation when untreated, 

strongly suggests that SCFI can be reliably used to evaluate cytotoxicity in all adherent cancer 

cell lines. All of this points to the conclusion that SCFI works as intended, and can be 

considered a new alternative to current techniques. 

But what is the origin of the sub-cellular fluctuations measured by SCFI? This is not 

currently known, as we can only demonstrate a correlation between cellular viability and 

fluctuation magnitude. It has been shown that in bacteria, SCFI is not only able to evaluate 

viability for AST, but can also be used to determine the metabolic state of the cell, as induced 

by different suspensions [44]. This implies a correlation, if not causation, between metabolic 

processes and the fluctuations measured. Autocorrelation studies using bacterial SCFI data 

also suggest that the fluctuating objects measured are roughly the same size as ribosomes (c. 

20 nm), which synthesize polypeptide chains from amino acids [44]. However, a single 

autocorrelation analysis using a video of a PC-3 cell (untreated), and using a code made and 

provided by Ms Kanasanun Phonrat (previously used for the bacterial analysis mentioned 

above), suggested that the origin of fluctuations in human cancer cells is between 60 and 120 

nm, which is an order of magnitude larger than what would be expected for ribosomes. A 

possible explanation is that the origin of the measured fluctuations in cancer cells is both 

ribosomal and from larger organelles, such as endosomal vesicles or mitochondria, not 

present in bacteria, which should provide a size estimate in between the two [60]. Further 
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testing, for example using treatments that affect organelle movement or function, would 

provide more information on the source of fluctuations in human cells. 

There is, however, another interesting difference between the fluctuations in bacteria 

and in human cells, namely that the mean untreated fluctuation of cancer cells is noticeably 

higher than in bacteria (c. 0.8 AU compared to 0.4-0.6 AU in E. coli, depending on metabolic 

state) [44]. This is despite the fact that bacteria have a higher relative metabolic activity than 

eukaryotic cells [61]. One possible explanation is that the fluctuation depends more on the 

absolute magnitude of metabolic activities, which is higher in the much larger eukaryotic cells 

when compared to bacteria [61]. Another possibility is that the origin of the fluctuations 

measured is not directly related to cellular metabolism, and instead depends upon, say, 

movements of the cytoskeleton. The main advantage of a metabolic origin is that this should, 

by definition, always correlate with cellular viability, which would explain how SCFI could 

work for both bacterial and eukaryotic cells, and detect the effects from cytotoxic drugs that 

operate in very different ways. 

But could the fluctuations stem from the cell membrane? This could explain the lower 

mean fluctuation values in bacteria, as bacterial cell walls are generally far more rigid than the 

membranes in Animalia [61]. It is also known that metabolic activities (e.g. ATP-driven 

activities) cause localised fluctuations in the membranes of human cells [62]. There are, 

however, two reasons to believe that the measured fluctuations originates from inside the 

cells rather than in or near the cell membrane. First, the effective decay length of currently 

used SEW detection systems is approximately 200 nm, which is two orders of magnitude 

larger than the thickness of standard mammalian phospholipid bilayer membranes [44]. 

Second, while acquiring the results presented in this dissertation, free-moving organelles (e.g. 

mitochondria) observed in BF microscopy could also be identified in the diffraction pattern 

observed in DF SCFI; in fact, it was often possible to trace the movements of large organelles 

continuously even when switching between BF and DF microscopy. If the primary origin of 

the fluctuations measured was in or near the cell membrane, then this should not be possible. 

Although the exact mechanisms causing the fluctuations measured remain elusive, it 

could be possible to do a simple approximation if considering the physics of the cell. If 

considering the cell as a non-equilibrium system within the general framework of active 

matter, then the conversion from chemical to mechanical energy should logically result in 

increased movements of nearby matter. If this process takes place within the cytoplasm, then 

the movements, or fluctuations, of nearby organelles should increase when compared to the 
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default Brownian motion. In fact, a number of recent publications have demonstrated that 

active processes in the cytoplasm affects intra-cellular diffusion rates, which in turn should 

have an effect on activity-driven fluctuations [63, 64, 65, 66, 67]. In particular, the movements 

of molecular motors seem to cause increased motility of nearby organelles though diffusion 

[63, 64]. One paper even found that dormancy in eukaryotic cells caused a reduction of 

molecular motility due to an influx of protons which in turn solidified the cytoplasm, which 

could explain changes in sub-cellular fluctuation magnitude purely from a physics point of 

view, as the speed of diffusion depends on viscosity [65, 68, 69]. 

While this could provide a general framework to explain what is observed in SCFI from 

a biophysical point of view, it would also be worth mentioning that a recent paper by Apelian 

et al. used full-field optical coherence tomography (FFOCT) to detect a significant decrease 

of time-dependent contrast from organelles inside cancer cells treated with a glucose 

inhibitor (2-deoxy-D-glucose) [70]. Seeing that this time-dependent contrast could 

potentially be seen as equivalent to what is measured in SCFI, as fluctuations should increase 

FFOCT contrast, then this might support the theory that the origin of the fluctuations 

measured by SCFI is related to metabolic activities, and specifically glycolysis (as the paper 

in question did not see a reduction of contrast when supressing aerobic respiration) [70]. 

Further investigations into the origins of the fluctuations measured by SCFI will 

nevertheless be necessary before any definitive conclusions can be drawn, but what this 

dissertation has proven is that SCFI is able to evaluate the effects of cytotoxic drugs on cells 

corresponding to previously known changes in cellular viability from the concerned drugs. 

 

5.1 Clinical usage 

Would it be possible to use SCFI in a clinical setting in the future to evaluate antineoplastic 

drug efficacy prior to patient treatment? To answer this question, one needs to consider two 

things: would the method work, and is it practical when considering the alternatives?  

It has been shown in this dissertation that SCFI is able to evaluate the effects of cytotoxic 

drugs reliably on cultured human cancer cells, including being able to detect and quantify any 

resistance in a given cell line to a given drug. While no test has so far been conducted using 

cells from a human patient, one could infer that cells acquired from a biopsy should behave 

in a manner similar to cancer cells cultivated in a lab. 

SCFI is able to work sufficiently rapidly so that predictions of the effectiveness of 

different drugs against the cancer cells of a specific patient could potentially be made the 
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same day as a biopsy. This might complement standard histopathology and generic analyses, 

especially when multiple treatment choices are available. It has been mentioned before that 

most assays currently used for drug testing take a day or more to produce reliable results [9]. 

While the urgency of cancer drug efficacy testing is less than bacterial AST, if the patient can 

be informed of treatment plans quickly, then this should improve patient wellbeing. 

Admittedly, novel techniques based on markers detected during histopathology and genomic 

sequencing corresponding to proteins with known drug targets are also capable of providing 

comparatively rapid estimates of treatment predictions, but these do not diminish the 

potential advantages shown by SCFI [71]. 

The practicality and relative cost of SCFI need also to be considered if it were to be used 

to test potential drug treatments in the future. Currently, an SEW microscope cost 

approximately £25,000 to manufacture and assemble by hand, which makes SCFI 

significantly more expensive per test than, say, an MTT assay alongside a standard 

spectrophotometer. This is true even when taking into consideration that the only part of 

the SCFI setup that cannot be reused is the petri dish (or similar) containing the sample. An 

MTT assay would also be able to perform multiple tests in parallel, which is currently not 

possible with SCFI. 

If SEW microscopes of the current design were produced commercially, then the cost 

of individual components and the full system could potentially be reduced significantly. 

Another consideration is that the essence of SCFI is not the specific setup currently used to 

measure the sub-cellular fluctuations, but rather the discovery that the measured scattering 

contains information about cellular viability; information that one might be able to collect 

using a setup that differs from the current SEW detection system. If this information can be 

extracted using a simpler, and less expensive, system than what is currently used, then SCFI 

may become more cost-effective than currently available alternatives, in addition to being 

faster. As such, the method presented in this dissertation could be considered less of a 

finalised technique, and more of a proof that the time-dependent scattering of human cancer 

cells in an evanescent field contains the information necessary to evaluate the effects of 

cytotoxic, and by extension antineoplastic, drugs. In fact, alternative, and simpler, ways by 

which to extract this information are already being investigated, and preliminary 

(unpublished) results from direct measurements of scattering intensity indicate that it is 

possible to simplify the current setup, thus significantly decreasing the cost of the equipment 

used in SCFI. 
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This means that SCFI, while not currently ideal for clinical use, still has the potential of 

becoming an affordable tool when deciding upon treatment plans for individual patients 

diagnosed with cancer. In order to achieve this, additional testing on human cancer cells 

using less complex alternatives to the current SEW detection system will be necessary, from 

which improvements to the method can be deducted. In addition, tests involving cancer cells 

taken from biopsies will also be needed before SCFI can be applied in a clinical setting, and 

these tests can be conducted using the current setup. All in all, SCFI, as a method of 

extracting information about cellular viability from electromagnetic scattering, has a very 

promising future with regard to applications related to drug efficacy testing in a clinical 

setting. 

 

5.2 Drug screening 

But while low-throughput screening (LTS) is relevant to clinical applications, there is also 

the possibility of using SCFI to conduct HTS in a pharmaceutical setting. HTS was developed 

in the 1980s by the use of robotics to automate the screening of multiple 96-well and 384-

well plates to facilitate streamlined drug discovery, and although the reliability of current 

techniques has been improved lately, there are still issues when compared to common 

methods of LTS [72]. For example, while MTT is compatible with HTS, a more recent study 

found that it is not ideal for this purpose due to a degree of insolubility requiring another 

step that is difficult to automate [11, 73]. In fact, many of the currently available techniques 

for HTS either present the risk of staining or even killing the cells tested, thus creating a 

possible source of significant errors, or are somewhat cost-prohibitive even at large volumes 

of testing [73]. Comparisons between specific systems are, however, somewhat hampered by 

the secrecy employed by the pharmaceutical companies that produce and use HTS, both with 

regard to technical specifications and price. Still, the cost of a single system is less of an issue 

when it comes to HTS than with regard to LTS in a clinical setting. 

However, SCFI in its current form is not compatible with HTS, as only a single sample 

can be tested at a time, without any automation in sample preparation, measurement, and 

analysis. That said, it is possible to conceive what is necessary to make the current SEW 

detection system compatible with HTS. First, instead of measuring a single petri dish at a 

time (or even one with multiple chambers), it would be possible to use a microplate with 

multiple wells and a bottom substrate compatible with TIRM and SCFI. A mechanism to 

change wells automatically between measurements and focus the microscope should be 
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possible to devise. A robotic arm by which to replace microplates would be no different from 

those used in current techniques of HTS. Second, it would be necessary to use AI to 

automatically find and measure individual cells, as well as analysing the results. Initial tests 

by Dr Lexie Lodge and Dr Nick Wood (unpublished) using algorithmic deep learning 

suggests that this is very much doable. In addition, tests on bacteria have shown that SCFI 

is more than capable of evaluating cellular viability using video recordings of a mere 3 s per 

cell, meaning that fully automated SCFI could easily measure 10-20 cells per minute, if not 

more [44]. All of this suggests that SCFI would be capable of HTS with some modifications 

and improvements to the current method. 

Of course, as has been mentioned before, what matters most is not the setup currently 

used in the SEW detection system, but rather the information contained in the scattered light, 

which is extracted using SCFI. As such, it might be possible to devise a new system, which 

extracts this information using a method intrinsically suitable for HTS. This provides a 

possible direction for future research. 

 

5.3 Diagnostic tool 

In 2005, Guck et al. discovered using an optical trap that the deformability of a wide selection 

of mammalian cells was an effective cell marker for cancerous and metastatic properties, with 

higher deformability in malignant cell lines [74]. This might be caused by fact that cancerous 

cells divide more often than healthy cells, meaning that the cytoskeleton will likely be less 

rigid, which in turn implies that cancerous cells will deform more easily under the same force 

when compared to healthy cells [75]. Another possibility, suggested by Guo et al., would stem 

from changes in motor-driven properties of the cytoplasm that affects cytoplasmic viscosity, 

as stochastic motor activities in cancer cells were observed to be significantly larger than in 

their benign counterparts [63]. 

Seeing that there is, by definition, a biophysical correlation between deformability and 

viscosity [68, 69], and that SCFI is able to detect changes in cytoplasmic viscosity [44], then 

this presents the possibility of using SCFI not only to evaluate antineoplastic treatments, but 

also as a diagnostic tool in a clinical setting. For if there is a difference in deformability 

between healthy and malignant cells, then this implies a difference in viscosity, and in turn 

that the SEW detection system, or another system extracting the same information from the 

scattered light, should be able to evaluate if a selection of cells are malignant or not. That 

viscosity should affect fluctuation magnitude can also be shown a priori if considering Stokes’ 
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Law, which states that the drag force experienced by sub-cellular objects is proportional to 

the viscosity (if assuming constant object size and flow velocity), which in turn will affect the 

magnitude of both Brownian and active motions [76]. 

According to the NHS, diagnosing cancer in the UK can take up to two months from 

the initial appointment, and while the delay could affect the chances of a successful treatment, 

the most noticeable effect is that of patient wellbeing [77]. While it would be necessary to 

first find a suspected tumour before SCFI could be used as described above, which may 

follow weeks of excluding other ailments with symptoms similar to cancer, there is still 

potential for SCFI to improve the speed of the diagnostic process. Of course, at this stage, 

it is not possible to confirm that SCFI can be used in this way, as it would require comparative 

measurements between healthy and cancerous cells of the same type. This has not yet been 

investigated, and while it would be possible to deduce that if deformability is a cell-marker 

for malignant cells, which in turn correlates with total cytoplasmic viscosity, then this would 

be detectable by SCFI, an empirical investigation is still necessary before making any 

definitive claims. 

 

5.4 More future directions 

This section discusses a number of possible improvements relevant for future investigations 

based on the project presented in this dissertation. 

 

5.4.1 Micropatterning 

The use of micropatterned surfaces to control the position and shape of measured cells is a 

possible improvement to the current method that was briefly and unsuccessfully investigated 

in the course of this project (see 7.5.2). However, if given enough time and resources, then 

the use of micropatterned petri dishes in SCFI is likely to work. This would allow the exact 

positioning of adhered (and thus measurable) cells, one would be able to return and measure 

the same cell at different time intervals, which could provide important data on drug 

susceptibility, and perhaps even explain some of the seemingly random differences between 

individual cells. Second, by confining the cells to specific locations on a grid, the automation 

of SCFI would be made easier, as one could make a code to measure specific coordinates 

corresponding to the centre of cells on the grid. Third, micropatterning means that all cells 

take the same shape and size, which could potentially increase the reliability and consistency 

of measurements even further. In addition, by forcing cells into a specific (e.g. circular) shape, 
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it might be possible to accurately locate the spatial origin of the measured fluctuations inside 

the cell. 

The main problem encountered during the initial tests was that, at the time, there was 

no commercial production of usable petri dishes with micropatterned bottoms, and the 

manufacture of micropatterned petri dishes from scratch could be difficult to undertake in a 

standard clean room (see 7.5.1). Budget constrains also prevented the purchasing custom-

made micropatterned petri dishes. Subsequently, prefabricated micropatterned coverslips 

with usable patterns were purchased from 4Dcell, and several unsuccessful attempts were 

made to convert these into petri dishes. However, since then, several companies 

manufacturing micropatterned cell culture systems, including 4Dcell, now sell both petri 

dishes and microplates with micropatterned surfaces of standard, and usable, designs. This 

means that any future attempts at combining micropatterning and SCFI would be a great 

deal less difficult. 

 

5.4.2 Heating stage 

Another possible improvement to the current method could be the use of a heating stage to 

maintain a stable 37°C during measurements. While PC-3 cells in L-15 appear unaffected when 

exposed to room temperature (~20°C) for more than 1.5 h (see 7.1.4), Caco-2 cells in DMEM 

suffer noticeable reductions in measured fluctuations after 1 h (see 7.1.5). Although the latter 

could stem from a CO2 deficiency rather than room temperature (as L-15 is optimised for low 

CO2 environments, but DMEM is not), a temperature at least 15°C below an ideal 37°C will 

eventually affect cell viability. A heated stage would allow continuous measurements for hours, 

or even days, which in itself could provide valuable data on the effects of certain drugs on the 

behaviour of specific cell lines. Such a device could also be enclosed and supplied with CO2, 

thus eliminating another environmental factor that may reduce cellular viability. Preliminary 

tests of a prototype heating stage for SCFI and bacteria have already demonstrated great 

promise, and while external factors prevented any experiments with a heating stage for this 

project, such tests remain an interesting option for future investigations. 

 

5.4.3 Artificial intelligence data analysis 

The use of AI, or an artificial neural network, poses several potential advantages. First, the 

speed of data analysis could be significantly increased if using a neural network to assign 

value (e.g. healthy or dying, resistant or susceptible) to SCFI data that has been acquired. The 
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network would first need to ‘learn’ what kind of data possesses these values, but that is 

something that is currently ongoing in bacterial SCFI, and with very promising results 

(unpublished, Antognozzi laboratory). In fact, if the network is better than a person to 

quickly and accurately evaluate if a measurement shows a healthy or dying cell, then the 

number of cells measured per sample could be reduced, as, in bacteria, it has previously been 

estimated that approximately 30 cells per sample are necessary for statistically reliable results 

when analysed by an experienced user of SCFI [44]. If reliable results could be acquired from 

only a handful of measured cells, then SCFI, even in its current state, could go beyond the 

limits of LTS. 

Another possibility, mentioned before, would be the use of artificial intelligence to 

extract all the important information from the scattering pattern in a way that does not 

require the current SEW setup. Preliminary (and unpublished, Antognozzi laboratory) results 

from neural network analysis of SCFI data raise the possibility of extracting information 

about cellular viability from images rather than videos. If that could be achieved, then SCFI 

could easily be made HTS compatible. As such, all of this would be of great interest for 

future projects based on this one, but will require the input of computational as well as 

experimental physicists. 

 

5.4.4 Other possible improvements 

Other possibilities for future directions include testing additional drugs and cell lines; for 

while the data presented in this dissertation should be enough to prove that SCFI is able to 

evaluate cytotoxicity in cancer cells, increasing the number of drugs and cell lines used should 

further strengthen this argument. Moreover, it could also be interesting to use SCFI to 

observe the effects of drugs operating in ways that are qualitatively different from STS or 

TAX. An example could be Jasplakinolide (JAS), which was isolated from a marine sponge 

in the 1990s, and has since then demonstrated very promising antineoplastic capabilities [78, 

79, 80]. JAS works acts by targeting actin rather than the microtubules targeted by TAX, and 

has previously and successfully been used to inhibit the growth of PC-3 cells [78, 79, 80, 81]. 

Measurements using JAS and PC-3 were planned, and prepared, during the latter stages of 

this project, but external circumstances (the Covid-19 pandemic) prevented these from 

taking place. Should additional drugs and cell lines be investigated in the future using SCFI, 

then alternative methods of statistical analysis should also be considered, as Welch’s two-

sided t-test is not optimal for comparing a multitude of data sets. 
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Drugs inhibiting specific metabolic pathways could also be used to investigate the origin of 

the sub-cellular fluctuations measured, as mentioned above. This could provide valuable 

insights on the cell behaviour, which could have indirect consequences on biomedical 

research and treatments. For example, in case the origin of the diffraction patterns measured 

by SCFI is related to specific metabolic pathways, then any drug that does not affect those 

pathways would therefore be difficult to detect using SCFI, with the potential of creating 

false predictions of drug susceptibility. An even simpler way of investigating a potential 

relation between the sub-cellular fluctuations and specific metabolic pathways could also be 

to change specific components of the medium (e.g. add/remove glucose to affect glycolysis, 

add/remove glutamine to affect the citric acid cycle, or reduce oxygen levels to impair 

mitochondrial metabolism). 

Another interesting possibility for future improvements could be the use of multi-

chamber petri dishes, which could allow for the near-simultaneous measurements of 

untreated and treated cells, as well as cells treated with different drugs or different 

concentrations of the same drug. The effort required to implement this would be minimal, 

while the potential improvements could be major. An experiment using Ibidi 35 mm quad-

chamber µ-dishes (polymer coverslip, sterile) [80416] was planned, and the dishes were 

ordered, but these were lost in transportation, and there was neither sufficient time nor funds 

to make another attempt. 

Lastly, while the use of previously published research utilising the same concentrations 

of the same drugs and the same cell lines as has been used in this project should be sufficient 

to justify the claims made in this thesis, an alternative assay (e.g. MTT, LDH) should ideally 

have been used in parallel with SCFI to fully confirm the validity of the results. This is also 

something that could, if not should, be done in the future. 
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6 CONCLUSIONS 

This project investigated if SCFI, which has previously and successfully been utilised to 

perform AST in a non-clinical setting, could be used to evaluate quantitatively how well a 

given cytotoxic drug acts on a specific human cancer cell line. To accomplish this, four 

human cancer cell lines were measured using the SEW detection system while being treated 

with a cytotoxic drug or corresponding control vehicle. The results from these experiments 

proved that: 

 

1. SCFI is able to reliably predict human cancer cell responses when using cytotoxic drugs 

known to be effective. 

2. SCFI is able to reliably detect and quantify known resistance to a given cytotoxic drug 

in a given human cancer cell line. 

3. SCFI is able to do this in as little as 3 h total time, eliminating the need for overnight 

incubation and pre-plating, meaning that it is considerably faster than most, if not all, 

currently available assays used for testing cytotoxic drug efficacy. 

4. SCFI is not affected by cell confluence. 

5. Similar results from four different human cancer cell lines further imply that SCFI could 

be used on all human cancer cell lines. 

 

All of the above support the conclusion that the primary aim of this project was achieved, 

and that SCFI can indeed be used to quantitatively evaluate how well a given cytotoxic, and 

by extension antineoplastic, drug reduces the viability of human cancer cells. While the 

underlying mechanics and origin of the sub-cellular fluctuations measured in SCFI remains 

somewhat elusive, we have nonetheless established a firm correlation between cellular 

viability and fluctuation magnitude of the scattered evanescent waves and observed 

diffraction patterns. 

When considering the secondary aims stated in the beginning of this dissertation, then 

we have also shown that SCFI is able to provide results faster than most of the commonly 

used alternative assays. While cancers grow much slower than bacterial infections, there are 

still advantages with regard to patient health and wellbeing if being able to provide rapid 

predictions on treatment effectiveness, which can then be the basis of devising successful 

treatment plans. There is also the possibility of using SCFI as a diagnostic tool, which, 

however, requires further research before any definitive conclusions can be made. All of this 
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suggests that SCFI has the potential to be useful in a clinical setting and in LTS, and while 

the cost of current hand-made SEW detection systems may be prohibitive, mass production 

and improvements to the method might make SCFI considerably more affordable. 

Novel and alternative techniques by which to acquire the information inherent in the 

measured diffraction patterns could also allow SCFI to be used in HTS. The speed at which 

SCFI produces results could also allow the observation of hitherto unknown effects from 

various drugs, which is not possible with conventional HTS assays. This suggests that while 

SCFI, in its current form, is unsuited for HTS, it could be developed in such a way that it 

would be highly suitable for HTS as well as LTS. 

This dissertation has also considered simple and straightforward improvements to the 

current method of SCFI, including, but not limited to, the use of micropatterned dishes, the 

use of a heating stage for stable temperature control, and the use of an artificial neural 

network to expedite and improve data analysis. This provides a roadmap for future 

investigations into the use of SCFI in cancer research and clinical oncology. 

To conclude, this pilot study has shown that SCFI is a fast and reliable method of 

evaluating cytotoxic drug efficacy that could be used for LTS, and with potential applications 

in HTS. While further research will be necessary to unlock the full potential of the method, 

and optimise it for settings outside of academic research, this dissertation has nonetheless 

proven for the first time that SCFI works well to detect early changes in human cells induced 

by cytotoxic drugs. 
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7 APPENDIX 

7.1 Additional results 

7.1.1 PC-3 media comparison test 

This test was done to dispel suspicions that the change from RPMI to L-15 prior to 

measurements in PHYS B30 had affected fluctuation readings in PC-3 data sets. 

Subsequently, a test was undertaken in CMM C69, which has access to an incubator with 

CO2 control. In this test, one sample had its medium changed from RPMI to L-15 prior to 

measurements, and another merely had fresh RPMI, in order to eliminate any effect from 

the aspiration prior to medium change. Since returning the sample containing L-15 to the 

incubator with 5% CO2 might aversively affect cellular viability, measurements were 

undertaken c. 15 min post medium change (for both samples), without intermediate 

incubation. Dishes were plated the previous day in accordance with 3.2.1, and the results can 

be seen in Figure 8. 

 

Figure 8: Results from measurements on 60 PC-3 cells (30 RPMI → RPMI and 30 RPMI → L-15). No 

statistical difference between the two data sets (p-value = 0.25). 
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The results indicated that the medium change from RPMI to L-15 does not affect fluctuation 

values, and low temperatures during outdoor transportation was therefore assumed to have 

been the main cause for any initial strangeness in fluctuation values in the PC-3 data sets (see 

4.1). Only one repeat was undertaken for this test; since the outcome was negative, additional 

tests were not deemed necessary. 

 

7.1.2 PC-3 and fibronectin measurements 

It was also investigated if an increased concentration of fibronectin affects measured 

fluctuation values when compared to standard medium. This experiment was undertaken 

since fibronectin could increase the speed at which cells adhere to the surface, both with 

regard to regular and micropatterned petri dishes, which in turn could further decrease the 

total time needed for SCFI to evaluate cytotoxicity [82]. Prior to this experiment, PC-3 cells 

had been observed using a time-lapse microscope. These cells had been seeded directly into 

L-15, and were observed at intervals of 15 min, with the first images being taken c. 15 min 

after seeding. The result of this test was not conclusive, and impossible to quantify, but it 

appeared that a majority of PC-3 cells had adhered by 2 h, which also implied the feasibility 

of the measurements seen in 4.3. However, since it is known that human derived cancer cells 

can be made to adhere to a surface in 30 min if using fibronectin, then this could significantly 

increase the speed by which SCFI can be performed [82]. 

PC-3 cells were seeded according to 3.2.1, except for that the petri dishes used were 

glass-bottomed (Greiner Bio-One [627861]), 100k cells were seeded, and one dish was 

prepared with fibronectin prior to plating. The fibronectin protocol was provided by 4Dcell 

(see 7.5.2), and contained the following steps: 

 

1. Pipette 100 µl of fibronectin onto the surface of the coverslip. 

2. Carefully place an appropriately sized piece of parafilm (opened inside fume hood) unto 

the drop of fibronectin. 

3. Incubate for 60 min in room temperature. 

4. Rinse the coverslip by adding a large droplet of distilled water unto the treated surface. 

5. Let the slide air dry (or help by carefully aspirating the liquid without treating the surface). 

 

The results can be seen in Figure 9. While the p-value was given as 0.03, the means were 

within the standard deviation of each other (0.78 ± 0.06 AU and 0.80 ± 0.04 AU respectively), 
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so it was assumed that there was no significant difference between samples on untreated 

surfaces and those on surfaces pre-treated with fibronectin. This implies that fibronectin 

could safely be used alongside SCFI, although additional tests, including ones investigating 

the minimum time before adhesion, are necessary before any conclusions are drawn. 

 

Figure 9: Results from measurements on 100 PC-3 cells, of which 50 were plated on a surface pre-treated with 

fibronectin, and 50 cells were seeded in an untreated petri dish. Neither sample were treated with any drug or 

control vehicle. 

 

7.1.3 PC-3 old same-day measurements 

Prior to the measurements shown in 4.3, a single test was undertaken using the protocol seen 

in 3.2.2, but with STS instead of TAX. The results can be seen in Figure 10. 

As has been mentioned before, PC-3 cells have a partial resistance to STS, and this test 

subsequently did not show a statistical difference between treated and untreated cells (p-

value = 0.11). Additional repeats were not undertaken in favour of using TAX instead of 

STS for subsequent tests. 

 



A new method of evaluating cytotoxic drug efficacy using SCFI 
Johan Henrik Rehnstrom 

53 
 

 

Figure 10: Results from measurements on 50 PC-3 cells (25 control and 25 STS) plated 3 h before start of 

measurements. Gaussian distribution fittings have been added for easier comparison of the data sets. 

Fluctuation mean of untreated samples was 0.73 AU, while for STS treated samples it was 0.68 AU. 

 

7.1.4 PC-3 environmental exposure test 

A set of tests were also conducted to see the effects of prolonged exposure to room 

temperature on sub-cellular fluctuations. This had three purposes: first, to provide guidance 

on the maximum duration of SCFI measurements before re-incubation, second, to provide 

insight on whether or not mild environmental exposure (~20°C) might have had an effect 

on previous measurements, and third, to evaluate the need and urgency of a functional 

heating state. The average duration of a single set of measurements (time spent outside of an 

incubator), both before and after these tests, and for all cell lines, was 30 min, with maximum 

exposure time around 45 min. This section concerns only PC-3 cells, while a similar test for 

Caco-2 cells can be seen in 7.1.5. 

PC-3 cells were prepared in accordance with 3.2.1, with the exception that medium was 

changed in the morning to L-15 without adding drug or control vehicle. Three repeats were 

made using three identical samples, and the results can be seen in Figures 11 and 12. 
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Figure 11: Results from continuous measurements on 180 PC-3 cells (50 each in samples 1 and 2, and 80 in 

sample 3). Samples were removed from the incubator at time = 0, temperature in lab was 20±1°C. 

 

Figure 12: The results seen in Figure 10 pooled, and with a linear fit. No decrease of mean fluctuation for at 

least 100 min of exposure to room temperature. 
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These results clearly imply that there should not have been any noticeable effects on 

fluctuation measurements from prolonged exposure to room temperature during 

measurements, as the test found no decrease of mean fluctuation for at least 100 min, while 

the maximum duration of a set of measurements was c. 45 min. However, to be on the safe 

side, 30 min exposure remained the desirable duration for PC-3 cells. This also implied that 

while a heating stage could be very useful for continuous measurements for a full day, or 

several days, it is not necessary for measurements requiring less than 100 min per session. 

 

7.1.5 Caco-2 environmental exposure test 

Another test, this time a single repeat, was also conducted to see the effects of prolonged 

exposure to room temperature on the sub-cellular fluctuations in Caco-2 cells. The sample 

was prepared according to 3.2.3, with the exception being that no drug or control vehicle 

was added prior to measurements. Practical limits prevented continuous measurements, but 

data sets were acquired at c. 20, 70, and 100 min exposure to room temperature. The results 

can be seen in Figure 13. 

 

Figure 13: Results from measurements on 60 Caco-2 cells. Samples were removed from the incubator at time 

= 0, temperature in lab was 20±1°C. Confluency was estimated to 100% prior to measurements. 
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Unlike the PC-3 cells seen in 7.1.4, the Caco-2 cells appeared much more sensitive to 

exposure to room temperature, and a limit of maximum 30 min per session was hereafter 

enforced (which had also been the case for all Caco-2 measurements prior to this test). This 

also implied that a heating stage might be necessary for prolonged measurements of Caco-2 

cells to prevent systematic errors. However, another explanation for these results could also 

be that DMEM, unlike L-15, is not optimised for low CO2 environments (i.e. normal air), 

meaning that it is possible that the noticeable decrease of fluctuations, and inferred decrease 

of viability, already at 60 min, was due to CO2 deficiency rather than exposure to room 

temperature. If so, then a heating stage would not solve this problem, but a medium 

equivalent to L-15 but usable with Caco-2 could prevent this even without using a heating 

stage. Further testing is necessary before making any definitive conclusions, but a limit of 30 

min per measurement session should prevent any systematic errors regardless of whether the 

effect seen above is caused by temperature or CO2 deficiency. 

 

7.1.6 Caco-2 and PFA measurements   

Lastly, a test was conducted to try to find the minimum possible mean fluctuation, using 

paraformaldehyde (PFA) and Caco-2 cells. Since, due to Brownian motion and related 

interactions, the level of sub-cellular fluctuations should never reach zero, and it would 

therefore be interesting to see how low the mean fluctuation value can go, which could then 

also be used as a value indicating complete cell death. PFA has been used as a fixative (when 

depolymerised) since the 1970s, and the small size of PFA makes it highly suitable for optical 

and electron microscopy [83, 84]. PFA had also previously been used by the members of the 

Bristol Hill Group, and a working protocol was readily available for use. 

Caco-2 cells, prepared according to 3.2.3, were killed and fixed using PFA in several 

steps: first, 100 µl PFA was added to the DMEM medium containing the cells, and after 4 

min all was aspirated and replaced with 1 ml pure PFA for 30 min, after which the PFA was 

aspirated and replaced with 2 ml of DMEM. Measurements were taken 1.5 h and 16.5 h after 

the initial application of PFA. The results can be seen in Figure 14. 

The measurements implied that the minimum fluctuation value of dead cells forcibly 

fixed to the surface should be between 0.1-0.2 AU; of course, during standard measurements, 

cells will detach upon cell death long before fluctuation levels as low as these could be 

achieved, but these results are still valuable for comparative purposes, and may even help 

shedding light on the nature of the sub-cellular fluctuations measured. 
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Figure 14: Results from measurements on 50 Caco-2 cells (25 cells at 1.5 h and 25 cells at 16.5 h). The cells 

having a fluctuation greater than 0.3 AU at 16.5 h were presumed to have been in the process of lifting off, 

which is known to cause a significant increase of fluctuations measured. 
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7.2 Detailed results 

In this section, the individual repeats and data sets of previously shown results can be found, 

to further demonstrate the very high consistency, with few exceptions, of the SCFI method. 

 

7.2.1 Individual data sets for PC-3 standard measurements 

As had been mentioned before, the PC-3 standard measurements were, generally speaking, 

very consistent between repeats, with the exception of the first set of repeats that had slightly 

lower fluctuation averages when compared to later repeats. As has been mentioned before, 

these measurements were transported between buildings on a particularly cold day, which is 

presumed to have been the cause. However, seeing that the difference is not overly significant, 

as well as for the sake of completion and scientific integrity, these results were nonetheless 

included in the presentation and analysis. 

 

Figure 15: The results seen in Figure 3c divided into individual repeats and data sets. 
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7.2.2 Individual data sets for PC-3 same-day measurements 

This subsection presents the full data of each individual repeat of the PC-3 same-day 

measurements seen in 4.3, to further demonstrate the remarkable consistency of SCFI even 

when conventional overnight incubation is skipped. Each repeat consists of two individual 

data sets (control and TAX treated cells) acquired at the exact same time on subsequent days, 

meaning that these results actually consists of a full six repeats. 

 

Figure 16: Repeat 1. Results from measurements on 70 PC-3 cells (35 control and 35 TAX) plated 3 h before 

start of measurements. Gaussian distribution fittings have been added for easier comparison of the data sets. 

TAX treated mean: 0.69 AU. Control mean: 0.78 AU. 
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Figure 17: Repeat 2. Results from measurements on 70 PC-3 cells (35 control and 35 TAX). TAX treated 

mean: 0.76 AU. Control mean: 0.81 AU. 

 

Figure 18: Repeat 3. Results from measurements on 70 PC-3 cells (35 control and 35 TAX). TAX treated 

mean: 0.72 AU. Control mean: 0.79 AU. 
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7.2.3 Individual data sets for Caco-2 standard measurements 

This subsection presents the full data of each individual repeat of the Caco-2 standard 

measurements seen in 4.2. 

 

Figure 19: The results seen in Figure 4c divided into individual repeats and data sets. 

 

7.3 ROI comparisons 

7.3.1 Microscope in Physics B30 (PC-3) 

As was mentioned in 3.4, the fluctuation analysis method is dependent on defining an ROI, 

which is then analysed by the LabView code. While the 20 s movies are collected in 300x300 

pixels format, that size require a computational duration of more than an hour per cell 

compared to a few second if using 30x30 pixels. For SCFI AST, an ROI 30x30 pixels is 

conventionally used, which easily captures the entirety of small bacteria (26.5 nm/pixel). 

However, seeing that human cancer cells are on average an order of magnitude larger than 

bacteria, an ROI of 30x30 pixels could be insufficient to provide reliable results. Therefore, 

a single set of measurements (untreated PC-3) was analysed by LabView using different ROIs. 

The results can be seen in Figure 20. 
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Figure 20: ROI analysis of 20 untreated PC-3 cells acquired on 26/11/2019. 

 

While increasing the ROI did consistently modify the given fluctuation readings for all cells, 

for most cells all the different ROI provided very similar estimates of fluctuation. If also 

taking into account that the computational time increased exponentially by each increase of 

ROI, so that at 150x150 pixels each cell took c. 45 min to analyse (compared to less than 10 

s per cell for 30x30 pixels), then an ROI of 30x30 pixels was deemed optimal, as it had the 

fastest computation and a sufficiently good precision when compared to ROIs up to 150x150 

pixels. As such, an ROI of 30x30 pixels was used when analysing all subsequent 

measurements acquired using the microscope in Physics B30. 

 

7.3.2 Microscope in CMM C69 (Caco-2) 

A similar test to compare the effects of different ROIs was also undertaken with the 

microscope in CMM C69, and the results can be seen in Figure 21. Apart from using Caco-

2 cells instead of PC-3 cells, the methodology was the same as in 7.3.1, and the closeness of 

the estimates provided by different ROIs was, for most cells, sufficient to conclude that 

30x30 pixels would provide results of sufficiently precision; especially when also taking into 

account the advantage related to computational time. As such, an ROI of 30x30 pixels was 

used for all subsequent measurements acquired using the microscope in CMM C69. 
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Figure 21: ROI analysis of 20 untreated Caco-2 cells acquired on 24/4/2020. 

 

7.4 Tables of p-values 

Below can be found tables of p-values for the results presented in sections 4.1, 4.2, 4.3, 4.4, 

and 7.1. Values coloured red donates statistical significance as given in 3.5. 
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7.4.1 PC-3 standard measurements 

Measurements before 180 min Measurements after 180 min 

Control/STS 0.49 Control/STS 1.99 × 10-17 

Control/TAX 0.57 Control/TAX 1.55 × 10-15 

STS/TAX 0.81 STS/TAX 0.62 

Table 1: P-values (pooled data) for all PC-3 standard measurements. The p-value of all control prior to 180 

min compared to all control after 180 min was 9.04 × 10-4. Red donates significance (p-value ≤ 0.05). 

 

7.4.2 PC-3 same-day measurements 

 R1T R2T R3T R1C R2C R3C 

R1T  0.03 0.42 4.99 × 10-3 5.30 × 10-6 5.95 × 10-5 

R2T 0.03  0.17 0.46 0.01 0.07 

R3T 0.42 0.17  0.04 1.80 × 10-4 1.65 × 10-3 

R1C 4.99 × 10-3 0.46 0.04  0.11 0.43 

R2C 5.30 × 10-6 0.01 1.80 × 10-4 0.11  0.14 

R3C 5.95 × 10-5 0.07 1.65 × 10-3 0.43 0.14  

All T/All C 1.15 × 10-6  (double) 

Table 2: P-values for all PC-3 same-day measurements. Note that R stand for repeat number (1-3), T for 

treated samples, and C for control samples. Red donates significance (p-value ≤ 0.05). 

 

7.4.3 Caco-2 standard measurements 

(a) Control STS TAX 

 

Control  4.69 × 10-22 0.07 

STS 4.69 × 10-22  1.42 × 10-19 

TAX 0.07 1.42 × 10-19  (double) 

(b) Control 1 Control 2 Control 3 

 

Control 1  0.32 0.53 

Control 2 0.32  0.82 

Control 3 0.53 0.82  (double) 

(c) STS 1 STS 2 STS 3 TAX 1 TAX 2 

Control 1.70 × 10-10 1.03 × 10-8 4.91 × 10-7 0.62 0.02 

Table 3: P-values for all Caco-2 standard measurements. Sub-table (a) compares all the data sets (pooled), (b) 

compares all control data sets, implying that all of control can be used as a single data set without any problems, 

which was done in (c), where individual treated data sets are compared to the full (pooled) control data set. 

Although the p-value for control/TAX2 is technically significant, it is not counted as such because the means 

were within the standard deviation of each other (0.80 ± 0.06 and 0.77 ± 0.10 respectively). 
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7.4.4 Caco-2 long measurements 

 2 days 4 days 7 days 

2 days  0.01 0.23 

4 days 0.01  0.11 

7 days 0.23 0.11  

 (double) 

Table 4: P-values for the long Caco-2 measurements seen in 4.4. Apart from the p-value given when comparing 

2 and 4 days (marked red), there is no statistical significance. 

 

7.4.5 A549 long measurements 

 2 days 4 days 7 days 

2 days  0.14 0.65 

4 days 0.14  0.33 

7 days 0.65 0.33  

 (double) 

Table 5: P-values for the long A549 measurements seen in 4.4. No statistical significance. 

 

7.4.6 Calu-3 long measurements 

 2 days 4 days 7 days 

2 days  0.36 0.99 

4 days 0.36  0.47 

7 days 0.99 0.47  

 (double) 

Table 6: P-values for the long Calu-3 measurements seen in 4.4. No statistical significance. 

 

7.4.7 PC-3 environmental exposure test 

 Sample 1 Sample 2 Sample 3 

Sample 1  0.35 0.31 

Sample 2 0.35  0.97 

Sample 3 0.31 0.97  

 (double) 

Table 7: P-values for the PC-3 environmental exposure test (see 7.1.4). No statistical significance when 

comparing individual data sets, which supports the veracity of the conclusions drawn with regard to how long 

PC-3 cells can endure exposure to room temperature without any noticeable effect on fluctuations. 
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7.5 Micropatterning 

7.5.1 Principles of micropatterning 

The basis of micropatterning is the creation of a surface where, at some locations, cell 

adhesion is possible if not encouraged, while at other locations, cell adhesion is impossible. 

This can be done in two ways; either by adding a layer on an adhesive surface to prevent 

adhesion, or by adding a layer on a non-adhesive surface to allow adhesion. Either way, 

current manufacturing procedures require standard photolithography, using a photomask to 

define the desired pattern for cell adhesion [85]. Polymer coatings, such as PLL-g-PEG, are 

often used to create a non-adhesive surface for a ‘negative’ micropattern, but it is also 

possible to use gel-like substances (e.g. poly-acrylamide) to make non-adhesive zones, and 

standard fibronectin can be used to make ‘positive’ patterns [85, 86]. Micropatterning has 

also been shown compatible with TIRFM, which in turn implies compatibility with SCFI due 

to the similarities between TIRFM and the SEW detection system [87]. 

In addition to the uses mentioned in 5.4.1, asymmetric adhesion zones (e.g. triangle or 

crossbow shaped) can also be used to direct and control cell migration, which in turn implies 

that micropatterns can be used to exert physical forces on individual cells [86, 88, 89]. In fact, 

it has been proven possible to control the location of organelles and other sub-cellular objects 

through the forces created from the asymmetric micropatterns mentioned above, with a 

remarkable degree of consistency between individual cells [87, 90]. If trying to locate the 

origins of the sub-cellular fluctuations measured by SCFI, then this could be highly useful. 

Alternative methods of controlling the location and shape of cells to be measured do 

exist, but often require extensive physical modifications of the adhesion surface that may 

prevent successful SCFI (e.g. cavities carved in the substrate to facilitate the trapping of a 

single or multiple cells) [91]. Placing cells directly on specific locations on a surface using a 

piezoelectric inkjet printer would not require any modifications to the actual substrate, but 

may not be suitable for eukaryotic cells, as these tend to be more sensitive to harsh 

environments than bacteria [92]. If considering use alongside SCFI, then micropatterned 

petri dishes are likely the best alternative for controlling cell location and shape, and a 

preliminary investigation was conducted on how to implement this for SCFI of human 

derived cancer cells. 
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7.5.2 Initial investigations using prefabricated micropatterns 

Since the use of micropatterned petri dishes was considered a simple yet effective way to 

improve the current SCFI method from the start of the project, it was investigated how this 

could be implemented within the limits and constraints of budget, time, and accessible 

university resources. Custom made micropatterns, whether through traditional 

photolithography or 2-photon lithography (2PP), was considered but rejected since this 

would have taken too much time and focus from the main aims of the project. At the time, 

affordable (mass produced) micropatterned petri dishes were not available, and purchasing 

custom made ones was simply too cost-prohibitive. 

To solve this conundrum, it was decided that the best way forward was to purchase 

premade micropatterned coverslips (24 mm) from 4Dcell, which were reasonably affordable 

and used a standard pattern of circular adhesion zones, and then convert these into usable 

petri dishes. The first attempt involved making a glass cylinder or ‘frame’ (20 mm tall and 35 

mm diameter), with a thin glass bottom in which a circular hole of 22 mm was drilled. The 

idea was then to attach the coverslip below the circular hole at the bottom of the cylinder 

using a biocompatible adhesive that would not damage the micropatterns, and which could 

be removed afterwards so that the glass frame could be autoclaved and reused. The first try 

involved using 3M-467 double-sided tape, known to be biocompatible, cut into a circular 

ring of 24 mm outer diameter and 22 mm inner diameter, and fixed between the top side of 

the micropatterned coverslip and the bottom of the frame. However, a minor leak was 

detected during a preliminary test, thus preventing usage alongside SCFI. The next try 

involved using biocompatible beeswax, which, according to the manufacturers, should not 

melt below 60°C, to seal the coverslip to the bottom of the frame. Unfortunately, while the 

wax had not melted during incubation, it was discovered that it began to ‘sweat’ already at 

37°C, thus detaching the coverslip from the glass frame. The difficulty of finding a 

biocompatible adhesive that would remain fixed at 37°C, but which could also be removed 

after usage, meant that alternative approaches had to be considered. 

Subsequently, for the second try, a 22 mm hole was drilled in the bottom of a standard, 

and very inexpensive, plastic petri dish with a flat plastic bottom, which could be thrown 

away and replaced after every use; this would allow using an adhesive that would not need 

to be removed post-measurements. After considering a number of affordable alternatives, it 

was decided to use Araldite, which, according to several chemical and biochemical experts at 

the university, should be non-toxic when fully set. It would also not require any additional 



A new method of evaluating cytotoxic drug efficacy using SCFI 
Johan Henrik Rehnstrom 

68 
 

security measures or risk assessments, and could be purchased for a negligible sum. However, 

when tested alongside PC-3 cells it appeared to affect cell growth, and an experiment 

involving putting a small amount of Araldite into a T25 flask, waiting for it to set, and then 

seeding a high amount of PC-3 cells, showed an inverse relationship between cell density and 

closeness to the Araldite. This implied that Araldite is only mostly, but not fully, 

biocompatible when set. 

After this, other alternatives were considered, including UV-glue, which, according to 

4Dcell, would likely damage the micropatterns when cured. However, at this point, any 

remaining micropatterned coverslips had expired, and constraints from budget and the onset 

of the global Covid-19 pandemic prevented any additional testing before the conclusion of 

the project described in this dissertation. Still, this remains a very interesting direction for 

future research, and the fact that several companies, including 4Dcell, now sell premade and 

affordable micropatterned petri dishes, means that the problem of having to convert a 

coverslip into a usable dish no longer exists. A single test involving PC-3 cells seeded on a 

micropatterned coverslip put into a standard petri dish (using the method seen in 7.1.2 for 

cell adhesion via fibronectin) demonstrated that the 4Dcell micropatterning did work, as cells 

were confined according to the desired pattern. A BF microscope in CMM G66 was used to 

observe this, but this did unfortunately not have any way to photograph the pattern, which 

is therefore not included in this dissertation. 

 

7.6 Stage design 

Before any measurements could take place, it was deemed necessary to make a new x-y slip-

stick stage for the SEW detection system in PHYS B30 (see Figure 1), since the old stage was 

neither optimised for the kind of petri dishes used (see 3.2.1), nor for use alongside a heating 

stage. The design of the new stage was made by the author of this dissertation, and the stage 

itself was manufactured by the Bristol Faculty of Science Workshop according to 

specifications provided. This new stage, the design of which can be seen in Figure 22, was 

subsequently used for the acquisition of all the results presented in this dissertation, as well 

as by multiple other users, past and present. 

The process of designing the new stage provided invaluable insight on the workings and 

practical considerations of SCFI, as well as much useful experience on how to design and 

manufacture scientific instruments. The continuous feedback provided by Dr Antognozzi 

and other lab members necessitated multiple changes and updates to the design before all 
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users were happy with it, and this also bestowed insight on the day-to-day workflow that 

precedes the successful pursuit of experimental physics. 

 

 

Figure 22: New design of x-y slip-stick stage for the SEW detection system in PHYS B30, which was 

successfully implemented prior to the acquisition of any and all results presented in this dissertation. (a) and 

(b) shows the top part of the stage from above and below respectively. The top part featured a ceramic inset 

to provide thermal insulation if and when SCFI would be used alongside a heating stage. The three circular cuts 

seen in (a) were made to fit magnets used alongside metal fittings to keep the petri dish in place during 

measurements. The circular inset seen in (b) featured a crystal disk, which, alongside the four metal cylinders, 

provided the basis for movement in x-y. (c) and (d) shows the bottom part of the stage from above and below 

respectively. Note that the central cut is optimised for NA lenses of varying sizes. The three small hemispherical 

cuts seen in (c) provide space for small metallic sphere aligned with the crystal disk and metal cylinders seen in 

(b). Function and design of crystal disk and metal cylinders in (d) was the same as in (b). The above design 

was made using Autodesk Fusion 360. The diameter of both the top and bottom stage was 70 mm, and the 

thickness of both stages was 5.5 mm. 
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